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Abstract 
The Impact of Urbanization on the Transient Storage Characteristics, Sediment 
Characteristics and Phosphorus Uptake Dynamics of Valley Creek 
Robert J. Ryan 
Aaron I. Packman, Ph.D. 
 
 
 
This work was conducted as part of a comprehensive investigation of the effects of 
urbanization on the Valley Creek watershed, located in Chester County approximately 
30km west of Philadelphia, Pennsylvania.  The goal of this research was to monitor the 
impacts of perturbations caused by urbanization as those impacts were carried through the 
ecosystem.  Results from field experiments are presented which clearly demonstrate that 
the fine sediment fraction of the stream bed controls hydraulic conductivity and hyporheic 
exchange in this gravel- and cobble-bed, piedmont stream.  The laboratory results of 
Packman and MacKay (2003) were confirmed with results from field experiments at a site 
in which the fraction of the fine (d < 2 mm) bed sediment with d < 50 µm increased from 
6% to 25% while the hydraulic conductivity decreased by a factor of two, the hyporheic 
exchange rate decreased by an order of magnitude and the hyporheic area decreased by a 
factor of four.  These results were obtained by estimating hydraulic conductivity of the 
stream bed from the d10 of the fine sediment fraction and using a method presented by 
Wörman et al. (2002) in which hyporheic residence time scaled by hydraulic conductivity 
and stream depth is a function of stream velocity and channel characteristics.  The 
phosphorus uptake rate, the gross primary productivity rate, and the community respiration 
rate were each shown to increase linearly with the hyporheic exchange rate at this site.  At 
a less severely impacted site, the phosphorus uptake rate was controlled by a combination 
of the hyporheic exchange rate, the fraction of the fine bed sediments with d < 50 µm), and 
  
xvii
the aluminum content of the fine bed sediments.  These results extend and expand on the 
results of Mulholland et al. (1997), who reported that streams with larger hyporheic storage 
zones have higher phosphorus uptake rates (s-1); Fellows et al. (2001) who reported higher 
community and hyporheic respiration rates (mg O2 m-2 d-1) in streams with larger hyporheic 
storage zones; and Hall et al. (2002) who found no relationship between phosphorus uptake 
and hyporheic storage area in a stream with little biological phosphorus uptake.    
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1: INTRODUCTION 
 
 Land development in the Philadelphia metropolitan area has occurred at the 
reported rate of one acre an hour, 24 hours a day, 365 days a year throughout the 1990's 
(Mastrull et al., 1999).  As land is converted from open meadow and woodland to 
residential and commercial property, watershed processes are impacted.  These impacts 
are numerous and varied. They can include changes to the volume, rate and quality of 
surface water runoff and groundwater infiltration, the quantity and quality of sediment 
delivered to the stream, the amount of light falling on the stream surface and the 
temperature of the stream (EPA, 1983; Novotny and Chesters, 1989; Bolstad and Swank, 
2000; EPA, 1999; Paul and Meyer, 2001).  These changes are initiated when the land is 
cleared of the existing vegetation (when soil erosion is highest) and continue after the 
completion of the construction phase (when impervious area is maximized and natural 
vegetative diversity is minimized).  
It is hypothesized that perturbations initiated by the urbanization process will 
follow pathways through the stream system according to the following watershed 
modification model: 
1.  Urbanization will initially increase the percentage of fine sediment in a stream 
bed (Walters et al., 2003) because finer sediment is more easily eroded (McNeil et al., 
1996; Liu et al., 2001) from the landscape and eroded soil has a higher percentage of 
fines (Miller and Benda, 2000; Sánchez et al., 2002).  If the increase in fine sediment 
exceeds some unknown threshold value, the effective porosity and hydraulic conductivity 
of the stream bed will be reduced.  This in turn will reduce the surface-subsurface 
exchange flux and the size of the hyporheic zone (Packman and MacKay, 2003). 
1
 
2.  The small grain size of the eroded soil (Brooks, 1994; Wolman, 1967; Miller 
and Benda, 2000; Sánchez et al., 2002) will tend to increase the capacity of the stream 
bed sediments to adsorb nutrients and organic matter due to the proportionally larger 
specific surface area and adsorption capacity of fine sediment (Klotz, 1988; Meyer, 1979; 
Atalay, 2001; Zhu, 2003).    
3.  In addition to reducing the surface-subsurface exchange flux (and thus the 
oxygen supply needed by the aerobic hyporheos), if the sediment load is very large, the 
benthic community can be buried by sediment which will result in reduced light as well 
as reduced oxygen flux for this community.  After some time delay, but likely within one 
year, the community may recover (Niemi et al., 1990), beginning with the re-colonization 
of the stream bed by those individuals which survived the sedimentation process and/or 
those individuals that drift into the impacted area.  The recovered community might not 
look exactly (or at all) like the pre-disturbance community (Bradshaw, 1988).  
Differences between the pre-disturbance and recovered community will result from 
changes in the physical characteristics of the stream (e.g. increased silt/clay fraction in 
the bed sediment, filling of pools with sediment, etc.), changes in the chemical 
characteristic of the stream (e.g. increased contaminant load in the bed sediments, 
changes in the aluminum, calcium, magnesium, etc. content of the sediment), changes in 
the nutrient load of the bed sediment or changes in the food supply (increased organic 
matter content of the bed sediment).  Additionally, the benthic community may change 
after a disturbance simply because the pre-disturbance community was an isolated 
population and the neighboring communities which re-colonize the sight are made up of 
2
 
different species (Allen, 1995; Hachmöller et al., 1991, Characklis and Wiesner, 1997; 
Klein, 1979).   
The impact of the perturbation cannot be defined a priori and will depend on the 
time frame of interest and the antecedent characteristics of the landscape soil, stream 
sediment, stream biota and hyporheic zone characteristics.  The research presented here 
generally attempts to highlight perturbations initiated by urbanization in the Valley Creek 
watershed and show how these perturbations are transmitted through the stream system.   
More specifically, this research connects anthropogenic land use with changes in 
sediment characteristics and shows how those changes impact hyporheic exchange, 
nutrient dynamics and community metabolism.   
Results from field experiments are presented which clearly demonstrate that the 
fine sediment fraction of the stream bed controls hydraulic conductivity and hyporheic 
exchange in this gravel- and cobble-bed, piedmont stream.  The laboratory results of 
Packman and MacKay (2003) are confirmed with results from field experiments at a site 
in which the fraction of fine sediment (d < 2mm) with d < 50 µm increased from 6% to 
25% while the hydraulic conductivity decreased by a factor of two.  These results were 
obtained using a method presented by Wörman et al. (2002) in which hyporheic residence 
time, scaled by the hydraulic conductivity and stream depth, is shown to be a function of 
stream velocity and physical channel characteristics.  The method of Wörman et al. 
(2002) was modified for this study such that hydraulic conductivity was estimated from 
the d10 of the fine sediment fraction of the stream bed.  An increase in the fraction of the 
fine sediment with d < 50 µm caused a decrease in the hydraulic conductivity, which 
reduced the size of the hyporheic area and hyporheic-surface water exchange rate.   
3
 
The work of several other researchers has been extended and expanded by this 
study of Valley Creek.  Mulholland et al. (1997) reported that streams with larger 
hyporheic storage zones have higher phosphorus uptake rates (s-1).   Hall et al. (2002) 
examined the mass transfer coefficient (ms-1) of phosphorus, which corrects for stream 
depth, in a stream with little biological phosphorus uptake and found no relationship 
between phosphorus uptake and hyporheic storage area.  Fellows et al. (2001) reported 
higher community and hyporheic respiration rates (mg O2 m-2 d-1) in streams with larger 
hyporheic storage zones.    All of these researchers were studying forested mountain 
streams.  In comparison, Valley Creek is an urbanizing Piedmont stream.  Yet, Valley 
Creek has similar hyporheic storage characteristics (area, exchange rate and retention 
time) and community metabolism values (gross primary productivity divided by 
community respiration).  However, Valley Creek has significantly lower phosphorus 
uptake rates (s-1), phosphorus mass transfer coefficients (ms-1), gross primary 
productivity rates (mg O2 m-2 d-1) and community respiration rates (mg O2 m-2 d-1).  Thus, 
when comparing across streams, there may not appear to be a relationship between 
phosphorus uptake and hyporheic storage.  However, this study found a strong 
relationship between phosphorus uptake rate (s-1) and the transient storage exchange rate 
(α, s-1) when comparing temporal changes within a given stream.  Thus one can predict a 
priori that impacts which result in a reduced storage exchange rate will cause a reduction 
in the phosphorus uptake rate, when other factors remain unchanged. 
The thesis is organized as follows:  Chapter 2 is a review of the applicable 
literature; Chapter 3 is a detailed site description of the Valley Creek watershed as a 
whole and also includes detailed descriptions of each of the sampling stations and 
4
 
experimental reaches studied during the course of this research; Chapter 4 describes the 
experimental methods utilized, including field, laboratory and modeling methods;  
Chapter 5 contains the results of the research and these results are discussed in detail in 
Chapter 6; future work is discussed in Chapter 7; and conclusions are presented in 
Chapter 8.     
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2: LITERATURE REVIEW 
 
2.1 Introduction 
 As a watershed becomes urbanized, the amount of impervious surface increases, 
resulting in increases in both volume and rate of storm runoff which carries an increased 
contaminant load.  This results in a biological community of reduced richness (Paul and 
Meyer, 2001).  The process of land development removes vegetation and increases soil 
erosion, especially when wooded areas are clear cut (France, 1997).   Urbanization leads 
to increased to bank erosion, filling of deep pools and decreased sinuosity (Pizzuto et al., 
2000).  Fine sediment is carried downstream and can be trapped in the bed sediment, 
effectively reducing the size and influence of the hyporheic zone (MacKay, 2001; 
Packman et al., 2000a, b, c).  This sediment-laden runoff carries with it phosphorus and 
other sorbed or dissolved toxics and nutrients.  The phosphorus is taken up by the benthic 
biota, transported downstream in the water column, or trapped in the bed sediment (and 
perhaps released at some future time).    In order to more fully understand the impact of 
urbanization, one must identify specific perturbations (such as increased sediment 
loading) and trace the impact of that perturbation as it moves into the stream and travels 
through the stream ecosystem via hydrologic transport, interaction with bed sediments 
and uptake by the biological community.  
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2.2 Solute Transport and Storage 
 2.2.1 Processes 
 Solutes move through a stream system with the flowing water due to advection 
and dispersion.  In addition, solutes move into and out of 'transient storage' areas—both 
surface storage areas such as side pools and eddies, as well as subsurface storage areas, 
such as within bed sediments and stream banks, bars, etc.  Brunke and Gonser (1997) and 
Winter (1995) provide excellent reviews of the work of many researchers who have 
examined the dynamics of the surface water-groundwater ecotone, also known as the 
hyporheic zone.   
The physical dimensions of the hyporheic zone depend on the perspective of the 
researcher (Bencala, 2000).  Triska et al. (1989b), in their study of surface water-ground 
water mixing and nitrogen dynamics, defined the hyporheic zone as the subsurface area 
in which more than 10% of the water is surface water.  Valett et al. (1990) on the other 
hand, disregarded the percentage of groundwater in their study of a desert stream and 
defined the hyporheic zone as the area of saturated sediment under and beside the wetted 
stream perimeter in which active surface-subsurface exchange occurs to emphasize their 
"…focus on water flow…".  Harvey and Bencala (1993) defined the hyporheic zone as 
the sum of the subsurface flowpaths that start and end in the stream.  The commonality of 
these definitions is the acknowledgement that hyporheic exchange is a subset of surface 
water-ground water exchange that occurs on the larger watershed scale (Harvey and 
Wagner, 2000).   
Harvey et al. (1996) examined the reliability of the use of stream tracer injection 
experiments to characterize stream subsurface exchange in a headwater mountain 
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catchment.  They found that the stream tracer injection could reliably characterize 
surface-subsurface exchange with gravel bed sediments at low base flow conditions 
where the exchange time scale was on the order of hours.  However, the methodology 
was not sensitive to exchange with deeper alluvium where the exchange time scale was 
on the order of tens of hours.   
D'Angelo et al. (1993) noted that the size of the transient storage zone relative to 
the size of the surface water cross sectional area (As/A) was negatively correlated with 
stream discharge and velocity as stream size increased from first- through fifth-order 
streams.  The exchange rate was negatively correlated with discharge over the same range 
in stream size and positively correlated with velocity, but only over the range of first 
through fourth order streams.  Morrice et al. (1997) found that the exchange rate was 
positively correlated to flow and both the absolute and the normalized storage zone area 
were negatively correlated with flow suggesting that rising groundwater levels during 
high flow periods constricted the hyporheic zone. 
Kasahara and Wondzell (2003) examined the influence of geomorphic controls on 
hyporheic exchange in four reaches within the Lookout Creek basin, a mountain stream 
located in the western Cascade Range of Oregon.  They found that pool-riffle sequences 
controlled hyporheic exchange flow in the second order streams and had the strongest 
influence on the hyporheic exchange flows in fifth-order unconstrained reaches.  In 
addition, hyporheic exchange flow in the fifth-order unconstrained reaches was 
influenced by channel splits, secondary channels and sinuosity.  
Wondzell and Swanson (1999) examined the impacts of a major flood on the 
dimensions of the hyporheic zone of fourth- and fifth-order mountain streams.   They 
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found that changes in the hyporheic zone due to flooding were varied on a subreach scale.  
In one subreach, the hyporheic zone was reduced due to incision and the lowering of the 
streamside groundwater table. In another subreach, the hyporheic zone increased due to 
incision below a new sediment deposit, which steepened the head gradient through a 
meander.  While the reach scale hyporheic zone was not substantially impacted, these 
subreach scale impacts may be biologically important.  
Harvey et al. (2003) examined changes in hydrologic retention within a single 
semi-arid alluvial stream basin over time and proposed that changes in channel friction 
could be used to predict changes in hydrologic retention. 
The physical mechanism which drives hyporheic storage exchange has been 
examined by many researchers.  Harvey and Bencala (1993) showed through the use of 
hydrologic modeling and field experiments that stream channel geometry could play an 
important role in surface-subsurface exchange.  Elliott (1990) and Elliott and Brooks 
(1997a, b) presented theory and laboratory experiments that demonstrated that surface-
subsurface exchange can be driven by bedform-induced pressure variations on the 
streambed (i.e. pumping).    In addition, exchange can be driven by moving bedforms 
which trap and release stream water (i.e. turnover).  Pumping exchange is a function of 
the square of the stream velocity and the bedform height relative to the stream depth. 
Turnover exchange is a function of the absolute bedform height and the bedform velocity.  
Because of the larger pore openings in a gravel bed, turbulent interaction can be a 
significant driver of subsurface exchange (Zhou and Mendoza, 1993).  Packman et al. 
(2004) conducted laboratory flume experiments to examine the coupling of pumping 
exchange and turbulence-induced exchange in a gravel bed with and without bedforms.   
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Pumping theory explained exchange with bedforms.  Exchange in flat beds could be 
explained by either advective pumping or diffusive transport theory.  Much more detailed 
instrumentation of the surface-subsurface interface is required to determine which 
process dominates exchange in a flat gravel bed.    
Packman and colleagues have studied the relationship between sediment load and 
hyporheic exchange.  Packman et al. (2000a, b) presented and validated a model to 
represent colloid exchange between a stream and a sand stream bed with stationary 
bedforms.  Packman and Brooks (2001) expanded this model to include colloid exchange 
through both pumping and turnover in a stream with moving bedforms.  This work 
demonstrated that particles too small to settle onto the streambed can nonetheless be 
carried into the stream bed and become trapped there through hyporheic exchange.   
Packman et al. (2000c) conducted experiments in an outdoor flume fed by a 
nearby stream to examine the impact of natural stream silt accumulation on a gravel bed.   
Packman and MacKay (2003) conducted laboratory flume experiments to examine the 
impact of kaolinite clay accumulation on a sand bed.  In both cases, sediment 
accumulated within the bed and resulted in reduced surface-subsurface exchange.  In the 
case of the clay experiments, an order of magnitude decrease in exchange was observed 
when the additional total clay content of the bed sediment was less than 0.25% by mass.  
This indicates that the reduced exchange may be due to surficial attachment of clay 
particles in areas of the bed most subject to surface water influx, such as the upstream 
side of bedforms. 
Wondzell and Swanson (1996) used a series of wells to collect water table data 
within the McRae Creek basin, part of the Lookout Creek watershed in Oregon's Cascade 
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Mountains.  The data was then used to calibrate MODFLOW (McDonald and Harbaugh, 
1988).  Using the calibrated model, subsurface water fluxes were estimated for baseflow 
and storm flow conditions.  The authors found little change in the overall pattern of 
subsurface flow concluding that the valley slope and the presence and configuration of 
secondary channels determined the flow pattern.   
 
2.2.2 Models 
Bencala and Walters (1983) described the application of a transient storage model 
(TSM) in a pool and riffle stream.  The model utilized the advective –dispersion equation 
with added terms for inflow and transient storage as shown in Equations 1 and 2.  
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where 
A = channel cross-sectional area (L2) 
As  =  storage zone cross-sectional area (L2) 
C = channel solute concentration (M L-3) 
Cl = lateral inflow solute concentration (M L-3) 
Cs = storage zone solute concentration (M L-3) 
D = dispersion coefficient (L2 T-1) 
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Q = volumetric flow rate (L3 T-1) 
ql = lateral inflow rate (L3  T-1 L-1) 
t = time (T) 
x = distance (L) 
α = storage zone exchange coefficient (T-1) 
 
This model incorporates several important assumptions including:  
1. Downstream transport occurs only in the surface stream and not in the storage 
zone.   
2.  Solute within the storage zone is uniformly and instantaneously mixed  
3.  Exchange between the surface stream and the storage zone is driven by the 
concentration gradient scaled by a constant exchange coefficient 
In applying the model, the authors recognized that neither the storage area parameter (As) 
nor the storage exchange rate coefficient (α) were physical measures.  Rather they were 
"operational parameters" whose "effective values" could be determined from the results 
of tracer injection experiments.  Runkel (1998) presented a FORTRAN code of this 
model known as OTIS (One dimensional Transport with Inflow and Storage).  This is a 
public domain code maintained by the USGS. 
  Zaramella et al. (2003) examined the reliability of the transient storage model to 
adequately represent advective bedform-induced pumping exchange.  The authors found 
that the TSM can adequately estimate storage zone parameters when the stream bed 
sediments are shallow.  This is due to the physical limitation of the hyporheic zone and 
the relatively short flow paths that can be represented by a single temporally constant set 
12
  
 
of exchange parameters.  When the bed sediment is deep, there is more variation in the 
length of flow paths leading to greater variation in hyporheic residence time.  Proper 
modeling of this requires hyporheic exchange parameters to vary in time and space.  The 
assumptions of the TSM do not reflect this. 
Choi et al. (2000) examined the reliability of a transient storage model with a 
single storage compartment by evaluating the results of modeling the same data sources 
using both a single storage zone model and a dual storage zone model.  They found that 
a) in cases where the two storage zones have similar retention times or b) in cases where 
one storage zone has a significantly different retention time and also has dominant 
storage capacity and exchange flux, the single storage zone model was reliable.  
However, in cases where one storage zone has a significantly different retention time and 
is dominant in only one parameter (either storage area or exchange flux, but not both), the 
one storage zone model was not reliable.  They found these cases were rare (9% of the 
500 data sets examined) and where identifiable by poor fit of the model to the data.   
Harvey and Wagner (2000) provided a detailed summary of the issues involved in 
each of several methods for studying hyporheic interaction in streams, including the use 
of subsurface sampling, calculating fluxes based on hydraulic measurements (i.e. Darcy 
flow) and the use of instream tracer injection experiments.  Generally, a balance must be 
accepted between the effort expended in data acquisition and data certainty.  On one 
hand, the installation and monitoring of a large number of wells or peizometers is often 
prohibitively difficult.  On the other hand, the use of in-stream tracer studies will provide 
relatively easy data acquisition at the cost of certainty as to whether the transient storage 
measured is surface storage or subsurface storage.   
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From this review, it is clear that a significant amount of work has been done 
documenting the geomorphic (Kasahara and Wondzell, 2003; Wondzell and Swanson, 
1996; Harvey et al., 2003) and hydrologic (D'Angelo et al., 1993; Morrice et al., 1997; 
Packman et al., 2000a, b; Packman et al., 2004; Zhou and Mendoza, 1993) factors that 
control hyporheic exchange.  Less often, and only in flume studies, work has focused on 
how fine sediment can plug the stream bed and reduce hyporheic exchange (Packman et 
al., 2000c; Packman and MacKay, 2003).  The results of my research will demonstrate 
fine sediment introduced to gravel/cobble stream will plug the bed and reduce hyporheic 
exchange.    
 
2.3 Bed Sediment Characteristics 
 Determining the sediment grain size distribution of stream beds has been 
extensively studied.  Wolman (1954) described a method of collecting bed sediments 
using a prescribed grid ("pebble count") which is in wide use today.  Church et al. (1987), 
Diplas and Fripp (1992) and Fripp and Diplas (1993) describe several sampling 
methodologies and the inherent difficulties with each.  Primarily, the difficulties occur 
due to the need to sample the entire range of grain size distribution.  There are three main 
categories of sample methods:  grid (such as Wolman's method), areal (in which all 
sediment within a given surface area is sampled) and volumetric (in which a bulk sample 
is removed from the bed using a scoop or shovel).  Grid and areal sampling is primarily 
used when the bed surface sediment is the focus of the investigation, such as in studies of 
flow resistence and bed sediment surface coarsening.  Volumetric samples are usually 
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used when the focus of the study is on sediment transport or sedimentation of fish 
spawning areas.     
Grid methods, such as Wolman's are not capable of representatively collecting 
fine sediment. The human hand is limited in its ability to grasp a single grain smaller than 
2-8 mm.   While using wax or clay to areally collect sediment removes the problem of 
collecting fine sand and silt, it adds the problem of separating the fine sediment from the 
wax or clay used to collect it.  Additionally, and more importantly, these methods provide 
no information on the fine sediment distribution below the bed surface.  Volumetric 
sampling can overcome these problems, however very large samples are needed to 
represent the entire distribution of grain sizes present.  For example, Church et al. (1987) 
present information from several sources which shows that to obtain even low precision 
would require 2 kg of sediment if the largest stone was just 10 mm in size.  If the largest 
stone is 20 mm, the required sample size for low precision increases to 20 kg.  Thus 
many studies are conducted using a truncated data set.   
Lisle and Eads (1991) presented information on measuring fine sediment in gravel 
bed stream channels used for fish spawning.  These methods include the use of bulk core 
samplers in which a 30 cm diameter corer is inserted into the stream bed at least 30 cm 
and the sediment within the corer is hand scooped.  Fine material will tend to settle to the 
bottom of the corer, but if the water is agitated and sampled, the concentration and grain 
size distribution of these fines can also be determined.  Freeze cores and freeze tubes 
provide a method of collecting an intact sample that preserved the stratification often 
seen in stream bed sediment.  However, the freeze corers are small (2 cm dia.) and 
subject to bias from irregular sample boundary and the presence or absence of a single 
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large stone.   Inserting containers, with either a solid wall or a porous wall into the stream 
bed can also be used to quantify changes in the fine sediment load of a stream bed.  These 
containers are filled with a known size distribution of gravel and buried level with the 
stream bed.  After some time period, the container is removed and the fine sediment mass 
and/or grain size distribution is determined.  The solid wall containers, however, will not 
provide any information on the material that moves through the bed sediment and fine 
sediment can wash out of the porous wall containers when the containers are removed 
from the stream bed for analysis. 
 Recent work directly related to urbanization has been conducted by Pizzuto et al. 
(2000), in which eight pairs of streams (urban/rural) were examined.  Urban streams were 
generally wider and less sinuous.  In addition, pools in urban streams were shallower and 
bed sediment grain size distribution was generally mono-modal compared to a bi-modal 
distribution found in rural streams.  Urban streams appear to be deficient in the range of 2 
mm – 64 mm.   
Cui et al. (2003 a, b) conducted experiments and presented numerical predictions 
of the movement of a pulse input of sediment to a stream channel, such as might be 
observed from a hill slope landslide.  Experiments were conducted using a range of input 
pulse sediment grain size distributions—finer than, equivalent to, and coarser than the 
ambient feed sediment.  In all experiments, the added sediment initially dammed the 
stream.  The sediment pulse then exhibited dispersional behavior.  When the input pulse 
sediment was finer than the ambient feed sediments, the pulse also showed downstream 
translational behavior.  In addition, and most notably, the finer sediment pulse appeared 
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to mobilize the coarser bed sediment even when the coarser sediment was not buried by 
the finer sediment.     
Wooldridge and Heckin (2002) examined different methods to identify 
geomorphic features of a steep mountain stream of southwestern British Columbia.  They 
found that the bedform spacing and height is controlled in part by the channel slope. 
Some small amount of research has been conducted to investigate the changes in 
grain size distribution induced by erosion of landscape soil.  For example, Liu et al. 
(2001) examined the variables which control the critical slope, e.g. the slope at which 
sediment erosion begins.  They found that the critical slope was a function of the grain 
size of the sediment and several other parameters.  As the grain size decreases, the critical 
slope decreases, indicating that erosion of fine sediment occurs before erosion of large 
sediment.  Sánchez et al. (2002) examined erosion from different horticultural land uses 
in the Venezuelan Andes and found that the more intensive land uses (i.e. those crops 
which required the greatest amount of human activity for cultivation) resulted in more 
erosion and in a larger percentage of fine sediment in the eroded soil. However, the 
researchers in this study defined the fine sediment/coarse sediment boundary at 4 mm.  
McNeil et al. (1996) conducted flume experiments using bed sediments collected from 
the Trenton Channel of the Detroit River.  The authors found that for sediment consisting 
of sand and silt, the erosion rate increased when the mean grain size of the sediment 
decreased.   Miller and Benda (2000) examined the impact of mass wasting from rainfall- 
induced landslides and found that the 'new' sediment deposited on the stream bed from 
landslides was significantly finer than the 'old' sediment that pre-dated the landslides.  
The d50 of the 'old' sediment ranged from 170 mm at the upstream station to 32 mm at the 
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downstream station while the d84 ranged from 260 mm to 75 mm over the same reach.  
The 'new' sediment had a d50 of < 50 mm and a d84 of < 75 mm. This research was 
conducted in a mountain stream of the Oregon Cascades and the researchers consciously 
disregarded the sediment fraction that was < 2mm.   
In summary, much work has been conducted investigating the geomorphology of 
streams.  However, very little work has been done in urbanizing streams.  And even less 
has been done investigating the impacts on the fine sediment (<2mm) fraction.  With 
some notable exceptions (Pizzuto et al., 2000 for example), the work of almost all 
researchers has focused on larger sediment in mountain streams.  My research will 
demonstrate the importance of the fine sediment fraction in controlling stream bed 
hydraulic conductivity and hyporheic exchange.   
 
2.4 Phosphorus Dynamics and Community Metabolism 
Phosphorus is removed from the water column through incorporation into 
biomass (biological uptake) and through adsorption to sediment and precipitation 
reactions with aluminum, iron, calcium and magnesium.  There is a strong connection 
between stream sediment and phosphorus uptake.  The water column phosphorus 
concentration and the sediment phosphorus concentration generally equilibrate in a fairly 
short time period that is on the order of minutes (Meyer, 1979).  The initial phosphorus 
uptake is generally controlled by abiotic processes while later phosphorus uptake is 
controlled by biotic processes (House et al. 1995).   
 Meyer (1979) examined the connection between sediment characteristics and 
phosphorus dynamics in Bear Brook, an undisturbed headwater stream in the Hubbard 
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Brook Experimental Forest, New Hampshire. The sediment appeared to be in equilibrium 
with the mean ambient dissolved phosphorus concentration in the water column and the 
buffering capacity of the sediment increased with decreasing sediment grain size.   The 
sorption reaction kinetics were varied and quite fast.  Silty sediments sorbed 93% of the 
total phosphorus within 5 minutes, while sandy sediments removed just 19% within 5 
minutes.  Within 24 hours, however, the total phosphorus sorbed by sandy sediments was 
equivalent to the amount sorbed by silty sediments.  Meyer concluded that the difference 
in buffering capacity of these sediments after 1 hour (the standard test duration) was a 
better indicator of the rate of sorption than the total sorption capacity.  She also noted that 
the reaction rate was significantly slower when the samples were not shaken.  In her 
experiments, sediment collected from the stream was split into four replicates and 
phosphorus uptake experiments were conducted on each.  One replicate was used 'fresh' 
from the stream so it included benthic and bacterial organisms.  Biological activity was 
stopped (or "killed") in the other three replicates by different methods.  One replicate was 
subjected to autoclaving, one replicate was subjected to mercury chloride (HgCl2) and 
one replicate was irradiated.   The initial phosphorus uptake measured in the "fresh" 
sediment exceeded that measured in the sediment "killed" by either autoclaving or 
addition of HgCl2.  However, the difference in phosphorus uptake between "fresh" 
sediment and sediment "killed" by either autoclaving or addition of HgCl2 disappeared 
after about 8 hours.  No difference was observed between the "fresh" sediment 
phosphorus uptake and the phosphorus uptake of the sediment "killed" by irradiation.  
Based on this, Meyer concluded that microbial uptake was a relatively minor part of total 
phosphorus uptake. 
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Klotz (1988, 1991) examined the spatial and temporal relationship between the 
Equilibrium Phosphorus Concentration (EPC -- the water column phosphorus 
concentration at which there is no adsorption or desorption of sediment bound 
phosphorus) and water column phosphorus concentration in Hoxie Gorge Creek, New 
York.  He found a high spatial correlation, indicating sediments are important in 
controlling water column phosphorus.  Additional experiments indicated that this spatial 
correlation is controlled by abiotic factors (exchangeable aluminum and sediment grain 
size).   Both biotic and abiotic processes may be important in controlling the temporal 
correlation between EPC and water column phosphorus concentration.  For example, at 
one site the biological remineralization of organic phosphorus appeared to be responsible 
for the positive relationship between EPC and water column phosphorus.  At a second 
site, seasonal increases in the water column phosphorus concentration, in conjunction 
with seasonal increases in the water column calcium (Ca2+) concentration, appeared to 
increase the abiotic sorption and precipitation of phosphorus.  In this process, the 
sediment-water column phosphorus equilibrium is driven toward the sediment and the 
EPC increases.  House et al. (1995) compared the uptake of phosphorus by suspended 
and bed sediments.  Using an EPC defined at 24 hours, they found that abiotic processes 
tend to control the water column phosphorus concentration when it is far from the EPC 
and that biotic processes have a greater impact on water column phosphorus 
concentration when the kinetics are slow, that is as water column phosphorus 
concentration nears the EPC. 
 Haggard et al. (1999) examined the phosphorus-sediment interaction in three 
streams in Oklahoma dominated by agricultural (>95%) land use.  The sediment grain 
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size was similar in all three streams.  They found biotic phosphorus uptake accounted for 
27.5% to 49.6% of total phosphorus uptake.  The authors also found a strong correlation 
between EPC and silt content of the bed sediment and concluded that sediment 
phosphorus sorption consists of a relatively constant abiotic contribution and a variable 
biotic contribution. This suggests that the buffering capacity of these streams may have a 
seasonal component.     
 Newbold et al. (1983) defined spiraling length as "the expected downstream 
distance traveled by a nutrient atom as it completes a cycle.  A cycle consists of the 
passage of a nutrient atom from a dissolved inorganic form in the water, through various 
components of the ecosystem, and back to the water."  The term is used to define both 
transport and biotic cycling of nutrients in a flowing stream ecosystem.  Thus, short 
spiraling length indicates high nutrient recycling while long spiraling length indicates 
lower nutrient recycling.   
Mulholland et al. (1985) examined spiraling on a seasonal basis using radiotracer 
injections in Walker Branch, Tennessee.  They found that in this heavily wooded stream 
with a deciduous canopy, fall leaf litter was the dominant source of organic matter.  
Walker Branch, with its phosphorus uptake dominated (>90%) by biotic uptake, had a 
significant seasonal variation in the phosphorus uptake length.  Phosphorus uptake length 
gradually increased from winter through summer and then steeply declined in autumn 
after leaf fall.  Mulholland et al. (1990) compared experimental tracer results obtained 
from the use of 32P and stable PO43- and found that 32P resulted in shorter uptake lengths 
in all experiments.  This was potentially due to saturation of the biological uptake 
capacity when PO43- is used.  However, the use of PO43- should provide acceptable results 
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if the increase over the ambient concentration is small or if the increase is consistent 
across experiments.   
Triska et al. (1993a, b) examined nitrogen transformation within the hyporheic 
zone of Little Lost Man Creek, located in northwest California and found distinct 
chemical gradients across the hyporheic zone.  As water traveled from the surface stream 
into the hyporheic zone, dissolved oxygen was depleted and ammonium concentrations 
increased.  Nitrate concentrations were lowest in stream water and in groundwater and 
highest within the hyporheic zone, indicating that oxygen limits the nitrification of 
groundwater as it moves toward the stream.  Nitrate concentrations peak and then begin 
to fall as the ammonium is depleted and the groundwater mixes with oxygen-rich surface 
water. 
Hill et al. (1998) examined nitrogen dynamics in a third-order stream near 
Toronto, Ontario.  In this nitrogen-rich stream, surface water nitrate was rapidly depleted 
near the surface-subsurface interface within the hyporheic zone.  The deeper hyporheic 
flow paths played little active role in nitrate removal, though field experiments and 
modeling indicated the potential for a much greater role.  In such a stream, Hill et al. 
(1998) suggest that surface storage may play a greater role in nitrate removal since 
surface pools provide greater contact time with the sediment near the surface-subsurface 
interface.   
Hall et al. (2002) examined the relationship between nutrient uptake and transient 
storage in Hubbard Brook located in the White Mountains of New Hampshire.  The 
authors found phosphate uptake unrelated to hyporheic storage, though ammonium 
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uptake was weakly related to transient storage for the summer experiments, but not for 
spring or fall experiments. 
 Valett et al. (1997) and Morrice et al. (1997) examined the connection between 
watershed geology and hyporheic nutrient uptake in several streams in New Mexico.  The 
parent geology varied among the streams from siltstone/sandstone to granite/gneiss.  
Hydraulic conductivity of the alluvium varied by 1.5 orders of magnitude.  Water column 
phosphorus concentrations within single geologic settings had a coefficient of variation 
(CV) of only 5%, while the water column phosphorus concentration in differing geologic 
settings had a CV of 53%. Injection experiments were conducted using NO3--N in three 
basins under similar base flow conditions (0.8 L sec -1 to 2.0 L sec -1).  Additionally, 
injection experiments were conducted in one of the basins (granitic geology) during each 
of the four seasons when flow varied from 0.8 L sec -1 to 75.0 L sec -1.  Using multiple 
regression techniques, the authors found that normalized storage zone area (e.g. 
hyporheic zone size) and exchange coefficient accounted for 98.7% of the variation in 
NO3--N uptake.  The authors found that the hyporheic zone differs more between 
watersheds of differing parent geology than it does among basins of similar geology.  
Increases in the extent and rate of groundwater-surface water interaction were observed 
with increases in hydraulic conductivity.  Each geology type produced different alluvium, 
with characteristic grain size, porosity, and hydraulic conductivity.  These factors have a 
strong influence on transient storage and provide a framework within which biological 
variation can control nutrient content and uptake within the hyporheic zone.    
   Mulholland et al. (1997) conducted experiments in two similar streams, the west 
fork of Walker Brook, Tennessee and in Hugh White Creek, North Carolina.  The 
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experiments were conducted to measure hydraulic characteristics, whole-system 
metabolism and phosphorus cycling.   Reach scale studies of primary production and 
community respiration were conducted using the diurnal change in dissolved oxygen over 
the reach length.  Hydraulic and phosphorus uptake characteristics were determined using 
radioactive 3H and 32P.  Hugh White Creek had a hyporheic storage area that is 1.5 times 
larger than the surface stream.  The hyporheic storage area in Walker Brook was just 0.1 
times the size of the surface stream.  The phosphorus uptake length in Hugh White Creek 
was 30 m and the phosphorus uptake length in Walker Branch was 156 m.  Hugh White 
Creek also exhibited a higher community respiration rate and a lower community 
metabolism ratio.  The differences in phosphorus uptake length, community respiration 
and community metabolism were attributed at least in part to the differences in the 
hyporheic storage area.  The authors concluded that the larger transient storage zone in 
Hugh White Creek was probably due to a deeper average sediment depth and some 
sediment pools much deeper than those found in Walker Brook.    
Fellows et al. (2001) also examined the influence of the hyporheic zone on 
community metabolism in two mountain streams in New Mexico.  Hyporheic respiration 
accounted for 40% to 93% of the community respiration within these streams.  In 
addition, both whole system respiration and hyporheic respiration increased with 
increased size of the hyporheic zone.   
Hedin (1990) found that respiration in the Hubbard Brook Experimental Forest 
was correlated with the total amount of benthic organic matter and organic-rich 
sediments.  Grimm and Fisher (1984) found that at least half of the community 
respiration of Sycamore Creek occurred in the hyporheic sediments. 
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In a study of eight streams across the United States, Mulholland et al. (2001) 
found that net primary productivity was related to photosynthetically active radiation 
(PAR); gross primary productivity was related to PAR and soluble reactive phosphorus 
(SRP); and respiration was related to SRP and the size of the hyporheic zone.     
This review clearly shows that much work has been done to document the 
importance of the hyporheic zone to the nutrient dynamics of stream systems (Triska et 
al., 1989a, 1989b, 1993a, 1993b; Hill, 1998; Hall, 2002; Valett et al., 1997; Morrice et 
al., 1997).   In addition, Klotz (1988, 1991), Meyer (1979), House et al. (1995), and 
Haggard et al. (1999) have shown the importance of stream sediments in controlling the 
phosphorus concentration in the water column.  Recently, the connection between the 
hyporheic zone and stream community metabolism has been examined (Hedin, 1990; 
Mulholland et al., 1997; Mulholland et al., 2001; Fellows et al., 2001).  However, these 
studies have focused on the connection between the size of the hyporheic zone and 
community metabolism in streams that are relatively unimpacted by urbanization.  My 
research focuses on the connection between hyporheic exchange, phosphorus uptake and 
community metabolism in a severely impacted stream with ongoing urbanization.   
 
2.5 Summary 
Taken together, the existing body of scientific knowledge clearly indicates that 
urbanization has many effects on stream ecology.  A significant amount of work has been 
done documenting the geomorphic (Kasahara and Wondzell, 2003; Wondzell and 
Swanson, 1996; Harvey et al., 2003) and hydrologic (D'Angelo et al., 1993; Morrice et 
al., 1997; Packman et al., 2000a, b; Packman et al., 2004; Zhou and Mendoza, 1993) 
25
  
 
factors that control hyporheic exchange.  Less often, and only in flume studies, work has 
focused on how fine sediment can plug the stream bed and reduce hyporheic exchange 
(Packman et al., 2000c; Packman and MacKay, 2003).   Much more work has been done 
to document the importance of the hyporheic zone to the nutrient dynamics of stream 
systems (Triska et al., 1989a, 1989b, 1993a, 1993b; Hill, 1998; Hall et al., 2002; Valett et 
al., 1997; Morrice et al., 1997).   In addition, Klotz (1988, 1991), Meyer (1979), House et 
al. (1995), and Haggard et al. (1999) have shown the importance of stream sediments in 
controlling the phosphorus concentration in the water column.  Recently, the connection 
between the hyporheic zone and stream community metabolism has been examined 
(Hedin, 1990; Mulholland et al., 1997; Mulholland et al., 2001; Fellows et al., 2001).  
However, these studies have focused on streams that are relatively unimpacted by 
urbanization.  To date, no studies have attempted to follow the perturbations initiated by 
urbanization as they move through the aquatic ecosystem.  My research is aimed at 
documenting the perturbations of specific development projects and showing how these 
perturbations are transmitted through and impact upon the sediment dynamics, transient 
storage characteristics, nutrient dynamics and eventually community metabolism of 
specific stream reaches in the Valley Creek watershed, Chester County, Pennsylvania.  In 
addition, the impacts of urbanization on the watershed as a whole will be examined.  
As stated in Chapter 1, the results of this work confirm the laboratory results of 
Packman and MacKay (2003) at a field site and, using the method presented by Wörman 
et al (2002), demonstrate that the fine sediment fraction of the bed sediment controls the 
hydraulic conductivity and thus hyporheic exchange in this gravel/cobble bed stream.  
Finally, this work expands and extends the work of Mulholland et al. (1997), Fellows et 
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al. (2001) and Hall et al. (2002) by documenting the relationship between the hyporheic 
exchange rate, the phosphorus uptake rate and the community metabolism in a stream 
that has been severely impacted by urbanization.   
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3: SITE DESCRIPTION 
 
3.1 Introduction 
 Valley Creek watershed, as shown in Figure 1, is located in Chester 
County, Pennsylvania, approximately 30 km northwest of Philadelphia.  The 60 km2 
watershed drains Chester Valley, located in the Piedmont physiographic region.  Chester 
Valley is underlain by a carbonate formation consisting of Ledger Dolomite, Elbrook 
Limestone and Conestoga Limestone.  Smaller areas of Vintage Dolomite and Kinzers 
Limestone are found along the western edge of the watershed.  Chester Valley is 
bordered on the north by a quartzite ridge consisting of the Stockton Formation, Chickies 
Formation and the Harpers and Antietam Formations.  On the south, Chester Valley is 
bordered by a ridge of Octoraro Phyllite (Bascom and Stose, 1938).   The stream begins 
in the phyllite hills of the south ridge at an elevation of approximately 175 m above sea 
level.  The stream and groundwater generally flow southwest to northeast for 
approximately 18 km, joining the Schuylkill River at Valley Forge National Historical 
Park at an elevation of 20 m above sea level.   Stream slopes range from 5% for the 
tributaries in the south hills to less than 0.3% in the lower reaches of the main stem of 
Valley Creek.   
Typical areas of Valley Creek and its tributaries are shown in the photographs of 
Figure 2.  The stream is a pool/riffle stream with a straight to sinuous channel.  Sinuosity 
measured using USGS topographic maps was generally less than 1.35 throughout the 
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Figure 1.  Valley Creek watershed location and sampling site locations within the watershed.   Tracer injection reaches are shown in 
red.  Numbers identify sediment stations. Sediment was also analyzed at the Morehall Rd. and Sheldrake Rd. sites.  Black diamonds 
identify dams.
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Figure 2.  The Valley Creek system is a pool/riffle stream with a straight to sinuous 
channel (A).  Bed sediment is typically gravel and cobble, extensively covered with sand, 
silt and clay (B).  Areas of exposed bedrock are found throughout the stream (C). 
 
 
length of the stream.  The bed sediment, as defined by ASTM (1996) and AASHTO 
(2003), was generally gravel (2 mm-75 mm) and cobbles (75 mm – 300 mm).  Less 
commonly, boulders (> 300 mm) were observed in the stream bed.  Some areas were 
underlain by a clay or mud bed.  Areas of exposed bedrock were found in patches 
throughout the length of the main stem of Valley Creek and Little Valley Creek.  A layer 
of sand and silt usually covered the gravel and cobbles in the stream bed, which is 
B A 
C 
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indicative of the sedimentation associated with ongoing urbanization.  There was an 
active floodplain in many areas of the watershed, especially in undeveloped or wooded 
areas.  In the more built up areas of the watershed, the floodplain had been filled for 
roadways and parking lots and the stream was incised downstream of these areas.  In the 
forested areas of the watershed, woody debris dams were commonly found in the stream. 
The mean daily stream flow varies annually from 0.45 m3s-1 to 2.29 m3s-1.  The 
highest recorded mean daily flow is 57 m3s-1 which was measured during Hurricane 
Floyd in 1999.  During the period of this study, the Valley Creek watershed experienced 
a regional drought.  Average stream flow was below normal from April 2001 until 
October 2002 as shown in Figure 3. 
  Impervious surfaces covered approximately 16.1 % of the watershed in 2000 
(Emerson, 2003), which is indicative of the high degree of urbanization of the watershed.  
As of December 2001, the land use in the watershed was 35% residential, 17% 
commercial, 9% institutional, 7% industrial, 2% utility, 3% farm, 18% vacant land, and 
7% parks and open space.  The remaining 2% was unclassified.    
Groundwater contamination at the Foote Mineral site, located at the western edge 
of the watershed, has resulted in elevated bromide levels of 1 mgL-1 to 2 mgL-1 in the 
main stem of Valley Creek at Church Rd. Church Rd. is the upstream end of the main 
stem Valley Creek tracer injection reach.  The bromide concentration in tributaries of 
Valley Creek was typically less than 0.1 mgL-1.   
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Figure 3.  Mean monthly flow in Valley Creek as measured at the USGS gage and 
normalized to the mean monthly flow for the period of record (Oct 1982-Sept 2002). 
 
 
Experiments were conducted and samples collected at eight sites shown in Figure 
1 between April 2001 and August 2003.  Tracer injection experiments were conducted at 
the Valley Creek main stem site, Morehall Rd. site and Sheldrake Rd. site.  Sediment 
samples were collected and bed sediment depth was measured at the Morehall Rd. site, 
Sheldrake Rd. site and at Stations 3, 4, 5, 11 and 12.    
 
3.2 Valley Creek Main Stem 
The tracer injection experimental reach extended approximately 7.1 km along the 
main stem of Valley Creek.  A detailed view is shown in Figure 4.  The upstream end of  
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Figure 4.  Detailed view of Valley Creek main stem experimental reach. 
 
the reach is located at Church Rd. and drains approximately 28% of the watershed.  The 
downstream end of the reach is located 40 m upstream of Interstate 76 and drains 
approximately 90% of the watershed. A USGS stage-discharge gage is installed at this 
location.   
Based on the USGS Malvern, PA and Valley Forge, PA topographic maps, the 
stream elevation changed from 58 m above sea level at Church Rd. to 34 m above sea 
level at the USGS gage. Stream slope decreased from 0.47% in the upper 2270 m to 
0.27% in the lower 1950 m and averaged 0.35% over the entire length. Stream channel 
width varied with distance from 5 m near Church Rd. to 11 m at the USGS gage. 
Sinuosity decreased from 1.33 in the upper 2270 m to 1.11 in the lower 1950 m.   
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At the beginning of this research, the Cedar Hollow Quarry discharged 
accumulated groundwater on a cyclic basis into a small tributary (Quarry Tributary, 
Figure 4) which joins Valley Creek 320 m downstream of Church Rd.   The pumping was 
changed to a constant pump rate in 2002. 
Within this experimental reach there are two low-head dams (Figure 4).  The 
upstream dam is 2.1 m high and is located at the Great Valley Grist Mill. This dam has an 
active mill race of approximately 150 m in length which draws water from the main 
channel of Valley Creek.  Water in the mill race is directed through the mill structure and 
returned it to Valley Creek approximately 275 m downstream of the dam. The second 
dam, located near Mill Rd., 2 km downstream of the Grist Mill dam, is 0.9 m high.  There 
is no mill race at this dam, referred to hereafter as the Mill Rd. dam. 
  Little Valley Creek joins Valley Creek approximately 5.4 km downstream of 
Church Rd.  Little Valley Creek drains 25% of the entire Valley Creek watershed and 
provides approximately 29% of the total Valley Creek watershed flow measured at the 
USGS gage.  The gage is located on Valley Creek, 1.7 km downstream of the Little 
Valley Creek confluence.  
 
3.3 Morehall Rd. 
A detailed view of the Morehall Rd. site is shown in Figure 5.  This site is located 
on Little Valley Creek, which is underlain by Conestoga Limestone in this area (Bascom 
and Stose, 1938).  The 950 m reach is naturally divided into two distinctly different  
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Figure 5.  Detailed view of Morehall Rd. experimental reach.   
 
 
reaches by the doubling of the drainage area at a distinct break in stream slope and 
direction. 
Little Valley Creek in the upper reach of the experimental site is referred to 
hereafter as Upstream Morehall—Vanguard (UMV).  A photograph of this site is shown 
in Figure 6.  It is a second-order stream draining approximately 2.27 km2 at its 
downstream point.  UMV is 178 m long and has a slope of 2.5% and a sinuosity of 1.02.   
The bed sediments in UMV were typically sand and gravel with silt and clay intermixed.  
Stream width is approximately 2 m and stream depth is approximately 0.2 m at low flow.  
Land use is primarily a mixture of built commercial (23%) and residential development 
(48%) with an additional 13% of land classified as vacant commercial and residential  
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Figure 6.  Photograph of the UMV site looking downstream from the upstream end of the 
reach.  
 
 
property.  Additional land uses include 6% government and other institutional uses, 3% 
industrial, 5% utility and 0.6% parks and open space.  The remaining 1.4% of land is 
unclassified.   The drainage area includes approximately 28% impervious cover.  The 
riparian corridor consists of a mixture of scrub woods, open fields and mowed grass. 
The width varies from 10 m to 40 m and is constrained by Morehall Rd. to the east and 
parking lots to the west.    
At the downstream end of UMV, Little Valley Creek turns east, paralleling 
Matthews Rd.   At this point, a second order tributary joins Little Valley Creek and adds 
an additional 2.27 km2 of drainage area.  However, this tributary flowed only 
intermittently during the course of the field work and typically added very little 
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additional flow.   Little Valley Creek continues eastward as a third order stream with a 
down valley slope of 1% and crosses a property (from 180m to 770 m) that was proposed 
as the site of two commercial developments.  The riparian corridor at the development 
site is scrub woods and is approximately 125 m wide, though on the north side of the 
property, the stream channel meanders to within 25 m of Matthews Rd.  No samples were 
collected within the middle segment of this reach because the land owner denied my 
request for access.    
The downstream end of the Morehall Rd. site (from 770 m to 950 m) is referred to 
hereafter as Morehall--Down Stream (MDS).  Photographs of this site are shown in 
Figure 7.  Here the riparian corridor is a mixture of scrub woods and open fields with a 
total width that varies from about 80 m to about 130 m.  Again, the stream meanders to 
within 25 m of Matthews Rd. on the north and 25 m of a commercial lumber yard on the 
south.  The stream slope is 1.0 % and the sinuosity is 1.3.  The bed sediment is typically 
sand and silt over a clay or mud bed. Stream width is approximately 2.0 m and stream 
depth was approximately 0.26 m at low flow.  Land use for the entire Morehall Rd. site 
drainage area is approximately 28% built commercial and 32% built residential, 14% 
vacant commercial and residential property, 8% government and other institutional uses, 
9% industrial, 7% utility and just 0.5% open space and parks.  The remaining 1.5% of 
land is unclassified.  The drainage area includes approximately 33% impervious cover.   
At the start of this research there were two proposed commercial developments 
within the middle of the Morehall Rd. site (from 180 m to 770 m).  The original 
experimental design would have resulted in data being collected upstream and
37
 
 
 
 
 
 
 
 
  
                                                                                                                       
 
 
 
Figure 7.  Photographs of the MDS site looking downstream from the upstream end of the 
reach (A), looking upstream from the middle of the reach (B), and looking upstream from 
the downstream end of the reach. 
 
 
 
downstream of these developments.  However, neither project was undertaken during the 
course of this research.  Thus the results from this site will reflect overall changes in the 
watershed, rather than impacts from a specific development. 
 
3.4 Sheldrake Rd. 
A detailed view of the Sheldrake Rd. site is shown in Figure 8.  The site is located in the 
headwaters of Crabby Creek, a small stream in the Octoraro Phyllite formation (Bascom 
and Stose, 1938).  All sediment collection and reactive tracer sampling occurred in the  
A B 
C 
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Figure 8.  Detailed view of Sheldrake Rd. experimental reach.  
 
 
upper 238 m portion of the reach, which drains 0.39 km2.   An additional monitoring 
point at 760 m was utilized for conservative tracer sampling.  The drainage area to this 
point is 0.81 km2.    Land use at the beginning of the research, in 2001, included 49% 
built residential, 23% built commercial, 17% vacant residential and commercial property 
and 11% government.  Approximately 26.7% of the land cover is impervious.  The 
watershed has a steep down valley slope (5.1%) and steep valley sides (35% - 60%).  The 
width of the riparian corridor varies between 100 m and 300 m and consists mostly of 
deciduous forest, as shown in Figure 9.  Bed sediments are generally large, flat cobbles 
with fine sand and silt. The stream is approximately 1 m to 2 m wide with water depths 
typically around 0.05 m.  Groundwater inflow was observed to increase the stream flow  
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Figure 9.  Photograph of the Sheldrake Rd. site looking upstream from the middle of the 
reach. 
 
 
in this reach by as much as a factor of 5.  The stream rises from a spring located 
approximately 100 m upstream of the experimental reach.  The spring is piped into a  
storm sewer system which ends in a headwall approximately 50 m upstream of the 
experimental reach.  As is common throughout this watershed, a sanitary sewer line 
parallels the stream for the length of the experimental reach. 
A 0.05 km2 parcel on the watershed ridge was proposed for development and 
construction of nine homes.  Construction work began shortly after the start of this 
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research and continued over the entire study.  The completed development added 5430 
m2 of impervious cover, increasing the total impervious cover to 28.4% of the drainage 
area.     
 
3.5 Sediment Stations 
Bed sediment characteristics were examined at five stations distributed 
throughout the watershed (Figure 1).  These sites were chosen for their geographic 
distribution within the watershed from a set of 15 fish and invertebrate sampling sites. 
Three stations were chosen on the main stem of Valley Creek—one in the headwaters, 
one upstream of the confluence with Little Valley Creek and one downstream of the 
confluence with Little Valley Creek.  Two stations were chosen on Little Valley Creek—
one in the headwaters and one near the mouth.  The two major characteristics examined 
at each station were the depth of the bed sediment and the grain size distribution of the 
fine sediment fraction (i.e. the fraction of bed sediment which passed through a 2 mm 
sieve).  Station numbers are those used for fish and invertebrate sampling. 
            Station 3 (Valley Creek at Wilson Run) is located just upstream of Valley Forge  
 
National Historic Park and is shown in Figure 10.  The drainage area to this station is 57 
km2.  This is more than 95% of the watershed and almost 100% of the impervious cover 
within the watershed.  The stream is approximately 12 m wide and is bordered by open 
fields of grass and meadow plants which provide no stream shading.  The stream is 
straight for a distance of approximately 380 m, beginning 50 m upstream of Station 3. 
Water depth was typically 0.2 m at low flow.  The bed consisted of a framework of large 
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Figure 10.  Photograph of sediment Station 3 looking upstream. 
 
 
cobbles surrounded by sand and silt.  The left stream bank was 0.45 m high and the right 
0.75 m high.  Both were vertical.  
 Station 4 (Valley Creek at Leboutilier Rd.) is located on Valley Creek upstream 
of the confluence with Little Valley Creek and 15 m downstream of LeBoutelier Rd.  
Figure 11 shows a photograph of Station 4.  The drainage area is 29.7 km2 and constitutes 
approximately 73% of the Valley Creek watershed upstream of Little Valley Creek.  The 
stream is 9 m wide with open fields on the right (south) bank and overhanging tree 
branches and brush on the left (north) bank, providing some limited shading.  A rock dam 
is located approximately 2 m downstream of the sediment collection site.  The dam 
provides a small pool on the right side of the stream where sand can settle and a bar has 
formed.  The stream thalweg shifts from right center to left center of the channel and 
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Figure 11.  Photograph of sediment Station 4 looking downstream.  Note the leaf-covered 
rock dam extending from the right bank in the center of the photograph. 
 
 
sediment in the thalweg is predominately cobble.  The left side of the stream is a 
backwater area where silt accumulates. The right stream bank is vertical and 0.7 m high.  
The left bank is vertical and 0.8 m high.  Stream depth is typically 0.2 m.     
Station 5 (Little Valley Creek at Mill Rd. Park) is located near the mouth of Little 
Valley Creek and drains an area of 16.6 km2.  The stream is 5 m wide and threads 
between DuPortail Rd. and Mill Rd. Park.  Overhanging trees and brush provide shade 
across most of the stream channel as shown in Figure 12.  The sampling station is  
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Figure 12. Photograph showing sediment Station 5 looking upstream. 
 
 
centered in a shallow pool of approximately 50 m in length.  Riffles are located at the top 
and bottom of the pool.   The left bank is 0.9 m high.  The bottom 0.5 m is vertical and 
the upper 0.4 m is sloped at approximately 30%.  The right bank is 1.25 m high and has a 
60% slope.  A small sand deposit is located just upstream of a gravel bar on the left side 
of the channel at the sediment sampling site.  A large amount of organic matter 
accumulates on the stream bottom in this reach during low flow periods.  The channel 
center was scoured during high flow periods exposing embedded cobbles.  
Station 11 (Valley Creek at Ecology Park) drains the upper 5.5 km2 of the Valley 
Creek watershed.  The stream width varies from 8 m to 4 m over a 10 m reach.  Figure 13 
shows two views of this reach, both looking upstream.  The right stream bank is vertical  
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Figure 13.  Two views of sediment Station 11, both looking upstream.  Note the very 
high bank to left and the sand/gravel bar to the right in photograph (A).  Photograph (B) 
is the view from the top of the bank and the sand/gravel bar is just out of view to the 
lower right. 
 
 
 
and 2 m high.  The left bank is 0.7 m high with a 40% slope.  This station is within 
Ecology Park with a brush, tree and open meadow riparian corridor.  The sampling 
location is within a meander bend downstream of the confluence of two headwater 
branches of Valley Creek.  A sand bar is located on the left bank. The stream velocity is 
slow and a large amount of fine sediment settles on the stream bottom here.  In addition, 
the riparian vegetation provides shading across the entire stream width.  A large amount 
of organic matter was found at this site.   
 Station 12 (Little Valley Creek at Rt. 401) drains the upper 1.8 km2 of Little 
Valley Creek.  During most of the experimental period, the stream at this station flowed 
intermittently, even though it was downstream of a wetland area.  Because of the lack of 
flow, channel widths and bank heights were difficult to determine.  However, based on 
changes in slope of the channel banks, the stream width varied from 6.5 m wide in a 
A B 
45
 
 
 
 
 
 
 
 
  
meander bend to approximately 1 m in a straight reach below the meander. This straight 
reach is shown in Figure 14A.  In the meander, the left stream bank is vertical and more 
than 1 m high.  There is a point gravel bar with a slope of approximately 25% on the right 
side of the channel.  The natural right stream bank has been altered by the emplacement 
of concrete rubble and landscaping debris to protect a parking lot from erosion. The 
parking lot is approximately 1 m above the bottom of the stream channel. The meander is 
shown in Figure 14B.  Below the meander in the straight reach, the banks are 
approximately 1 m high and protected with telephone poles.  Brush and trees overhang 
the stream channel, though the stream flows between a parking lot on one side and 
residential property on the other.  There was little evidence of organic matter on the 
stream bed at this location.     
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Figure 14.  Photographs of sediment Station 12.  A) Looking upstream at footbridge 
where sediment samples were collected.  B). Looking upstream at meander where 
sediment depth was measured. 
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4: METHODS 
 
The objectives of this work were to quantify the impacts of urbanization on the 
hyporheic zone exchange rate and cross sectional area, bed sediment depth and fine 
sediment grain size distribution, and community metabolism of Valley Creek.    
Conservative tracer injection experiments were conducted in order to quantify changes in 
transient storage parameters.  Reactive tracers were used to examine in situ phosphorus 
uptake by the combined bed sediments and biological community.  In order to examine 
biological versus abiotic removal, stream sediment was collected and returned to the 
laboratory for benchtop uptake experiments.  The sediment samples were also examined 
for changes in the chemical makeup and grain size distribution, particularly of the fine 
sediment fraction.  Stream width, water depth and sediment bed depth measurements 
were also made.  The stream width and depth data were also used in conjunction with 
dissolved oxygen data and flow measurements to estimate the community metabolism on 
specific dates throughout the experimental period.  Finally, for each tracer injection 
experiment, land use data were obtained from the Chester County GIS office.    
 
4.1 Field Methods 
4.1.1 Tracer Injection  
 Tracer injection experiments were conducted in a total of four stream reaches 
approximately twice per year over a two year period.  A total of 21 conservative tracer 
experiments and 13 reactive tracer experiments were conducted between April 2001 and 
July 2003.  Bromide was chosen as the conservative tracer.   While there was known 
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bromide contamination in the main stem of Valley Creek (> 1 mgL-1), most tributaries 
had a concentration that was low enough (< 0.1 mgL-1) to enable its use as a tracer.     
Phosphate was chosen as the reactive tracer and all reactive tracer experiments were 
conducted in conjunction with conservative tracer injections at Morehall Rd. and 
Sheldrake Rd.  Phosphorus tracer experiments were not conducted on the main stem of 
Valley Creek since the phosphate would not be detectable at the downstream end of the 
monitoring segments without saturating the upstream end of the monitoring segment.  
The schedule of tracer experiments is shown in Table 1.  Morehall Rd. and Sheldrake Rd. 
experiments were typically scheduled for spring (after leaf out) and fall (before leaf fall) 
in order to minimize seasonal differences in nutrient uptake that can occur when leaf fall 
adds significant amounts of organic matter to a stream (Mulholland et al., 1985). The 
conservative tracer experiments in the main stem of Valley Creek were scheduled for 
winter and summer.   
 
Table 1.  Schedule for solute transport experiments. 
 
 
Date 
Main Stem of 
Valley Creek Morehall Rd Sheldrake Rd 
August, 2001 X  X 
October, 2001  X X 
April, 2001  X  
June 2002   X 
October 2002  X X 
March 2003 X   
April 2003  X X 
July 2003 X   
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The 'paradox of the experiment' is such that the information needed to adequately 
conduct an experiment is often the very information the experiment is designed to collect.  
In order to design a tracer injection experiment whose results can be used to accurately 
estimate transient storage, the investigator needs to know quite a bit about the transient 
storage characteristics of the stream.  Harvey and Wagner (2000) discuss this quite well 
and describe a dimensionless Damkohler number (DaI) which expresses a balance 
between downstream transport and instream storage.   
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                                                                             (1) 
 
where  
α = transient storage exchange rate coefficient (s-1) 
As   = transient storage cross sectional area (m2) 
A = stream cross sectional area (m2)  
L = reach length (m) 
u = stream velocity (ms-1).   
 
A DaI value of 1 provides for an optimal balance of sensitivity between transport 
and storage processes, and minimizes parameter uncertainty.  The paradox is that in order 
to calculate DaI, the investigator needs to estimate As and α, which are the very 
parameters the investigator wants to measure.  Typically, the solution to this problem is 
to estimate As, α, A and u from past experiments on the stream of interest or similar 
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streams and then calculate L assuming a DaI of 1, recognizing that the value of L may 
need to be adjusted based on actual field conditions.  This was problematic in the Valley 
Creek watershed due to the lack of site specific data on cross sectional area and flow rate 
at each of the experimental reaches.  Some of the initial monitoring stations were either 
eliminated or moved for later experiments.  For example, at Sheldrake Rd., the initial 
tracer injection experiment had five monitoring stations established at 22.4 m, 45 m, 74 
m, and 119 m below the injection site. Based on analysis of the first injection experiment, 
the station at 45 m was eliminated from future experiments and two additional stations 
were added—one at 238 m and one at 760 m below the injection point.  At Morehall Rd., 
the first set of experiments encompassed three injections. The Vanguard tributary (UMV) 
had three monitoring stations within a 75 m reach.  The Lindenwald tributary (UML) had 
three stations within a 71 m reach.  The reach downstream of the proposed construction 
site (MDS) had five stations within a 180 m reach.  Analysis of the initial tracer test data 
was used to adjust the sampling locations.  UML was eliminated entirely because it was 
an intermittent stream during the period of field work (c.f. Chapter 3: Site Descriptions).  
UMV and MDS were combined into one reach of approximately 950 m in length.  The 
monitoring stations within UMV were shifted to 36 m and 178 m below the injection site, 
a third station was added just below the confluence of UMV and UML (at 238 m below 
the injection site) and the original MDS injection site and Station 5 were reused and 
renamed station 4 (at 771 m) and station 5 (at 951 m).  The other four stations within the 
MDS segment were not monitored since they did not allow for any measurable storage 
exchange.    
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The experiment conditions are shown in Table 2 (Valley Creek main stem), Table 
3 (Morehall Rd.), and Table 4 (Sheldrake Rd.).  For each experiment, stream flow was 
estimated from previous experiments and the flow at the USGS gage on the days leading 
up to the experiment.  Then, an estimate of the amount of tracer needed to increase the 
background bromide concentration by 1-2 mgL-1 and the background phosphorus  
concentration by 5-10 µgL-1 (as P) was made assuming a 60 minute injection at 400 mL 
min-1.  Using this as a guide, various quantities of sodium bromide (NaBr) and potassium 
phosphate (K2HPO4) were pre-measured in the laboratory the day before the injection 
experiment.   Upon arrival at the field site, stream flow was measured using a Gurley 
Pygmy Current Meter (Model #625) or a Sontek Flowtracker acoustic Doppler 
velocimeter.  This measured flow rate was then used to adjust the amount of NaBr and 
K2HPO4 used.  Tracer injectate was created by mixing the necessary pre-weighed 
aliquots of sodium bromide and potassium phosphate into a 30 L plastic bucket that 
contained approximately 24 L of stream water.  The solution was stirred by hand for 
several minutes until the sodium bromide and potassium phosphate were completely 
dissolved.  Once completely mixed, the injectate was pumped into the stream using a  
 
 
Table 2.  Valley Creek main stem solute transport experiment conditions. 
 
Date 
Upstream 
Q 
m3s-1 
Background 
Br- 
mgL-1 
Br- 
added, g 
Injection 
Rate,   
mL min-1 
Injection 
Period 
min 
Peak 
Br- 
mgL-1 
August 
2001 7.0E-02 1.2 NA NA NA NA 
March 
2003 3.60E-01 1.77 5019 387 63 5.4 
July 
2003* 5.6E-01 0.65 3318 400 63 1.9 
* Injection point moved 3760 m downstream. 
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Table 3. Morehall Rd solute transport experiment conditions. 
 
Date 
Upstream 
Q 
m3s-1 
Background   
Br- 
mgL-1 
Br- 
added, g
Injection 
Rate,  
mL min-1
Inject. 
Period 
min 
Peak 
Br- 
mgL-1 
Stream
T 
°C 
October 
2001 
7.37E-03 0.05 15.7 400 28 1.35 10 
April 
2002 
9.47E-03 0.08 50 400 60 1.61 10 
October 
2002 
6.98E-03 0.08 177 415 51 8.1 13 
April 
2003 
4.21E-02 0.40 817 400 60 5.8 13 
 
 
Table 4. Sheldrake Rd solute transport experiment conditions.  
 
Date 
Upstream 
Q 
m3s-1 
Background 
Br-       
mgL-1 
Br- 
added, g 
Injection 
Rate    
mL min-1 
Inject 
Period 
min 
Peak 
Br-  
mgL-1
Stream
T 
°C 
August 
2001 
1.88E-03 0.15 46.8 430 85 4.95 15 
October 
2001 
1.98E-03 0.16 7.8 400 28 3.2 14 
June 
2002 
1.74E-03 0.14 15.5 400 56 2.72 15 
October 
2002 
2.00E-03 0.14 29.2 400 63 5.0 16 
April 
2003 
5.85E-03 0.11 64.2 400 59 3.21 11 
April 
2003 
5.85E-03 0.11 64.2 400 59 3.21 11 
 
 
 
battery powered Cole-Parmer Masterflex E/S Portable Sampler pump at a rate of  400 
mLmin-1.  The pump rate was calibrated prior to the start of the injection and checked 
two or three times during the injection using a stopwatch and a 200 mL graduated 
cylinder.  In all cases the injection flow rate did not vary by more than ±10%.  The exact 
volume of injectate was determined by multiplying the measured injection flow rate times 
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the measured time of the injection.  The mean injection time was 56 minutes, though it 
varied from a low of 28 minutes in October, 2001 at both Morehall Rd. and Sheldrake 
Rd. to a high of 85 minutes in August, 2001 at Sheldrake Rd.   
Samples were collected by volunteers who hand sampled the stream at intervals of 
3 minutes to 10 minutes.  Examination of the data from early experiments indicated that 
improved modeling would be achieved by more frequent sampling, so sampling 
frequency was increased in subsequent experiments.   Background samples were 
collected at each station prior to the arrival of the injectate pulse.  Hand samples were 
collected in 30 mL or 125 mL polypropylene bottles that had been acid washed and triple 
rinsed in DI water.  Sample bottles were triple rinsed in the stream prior to collecting the 
sample.  For those experiments in which phosphorus was also injected, approximately 20 
mL of sample were filtered through a 0.45 µm filter.  The second sample bottle had been 
acid washed and triple rinsed in DI water, but it was not rinsed in stream water prior to 
use.   
ISCO model 6700 autosamplers were used when:  the sampling regime required 
extended sampling, such as late evening or overnight sampling; monitoring for 
phosphorus was not required; and sampling at 6-10 minute intervals was acceptable. 
Station 6 at Sheldrake Rd., Stations 3, 4, and 5 at Morehall Rd., and at least some of the 
samples collected at all of the Valley Creek main stem stations were collected using 
autosamplers.  Samples collected using the autosamplers consisted of 150 mL to 250 mL 
samples collected in 1 L bottles. The bottles had been acid washed and triple rinsed in DI 
water prior to being placed in the autosampler.  The sampling mechanism first flushed the 
intake line, then drew the proper amount of sample and then flushed the intake line a 
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second time.  Samples collected using autosamplers were transferred to acid washed and 
DI rinsed 30 mL or 125 mL polypropylene bottles in the field.   
All samples, whether collected by hand or autosamplers, were stored on ice until 
returned to the laboratory.  Phosphorus samples were refrigerated at 4oC and analyzed 
within 24 hours.  Bromide samples were frozen until analysis.   
    
4.1.2 Sediment Collection  
Sediment was collected at seven locations:  Morehall Rd.; Sheldrake Rd.; Station 
3 – Valley Creek at Wilson Run; Station 4 – Valley Creek at Leboutilier Rd.; Station 5 – 
Little Valley Creek at Mill Rd. Park; Station 11 – Valley Creek at Ecology Park; and 
Station 12 – Little Valley Creek at Rt. 401, Peoples Light and Theater Company (Figure 
1).  The schedule of sample collection is shown in Table 5. 
At the five numbered stations, grids were set up to collect a composite sample 
representative of the entire station which could be compared to samples taken at each 
station over time in order to examine the connection between sediment characteristics and 
fish and invertebrate species diversity.  At Station 3, Valley Creek was 12 m wide.  The 
grid consisted of two lateral transects spaced 3 m apart.  Along each transect four grab 
samples were collected:  at 1.5 m, 4.5 m, 7.5 m and 10.5 m from the right bank.  At 
Station 4, Valley Creek was 9 m wide.  Three lateral transects were placed 2.5 m apart.  , 
Three grab samples were collected along each transect: at 1.5 m, 4.5 m and 7.5 m from 
the right bank.  At Station 5, Little Valley Creek was 5 m wide.  Three lateral transects 
were placed 2.75 m apart.  Along each transect two grab samples were collected: at 1.5m 
and at 3.7m from the right bank.   Station 11 was located in a bend of Valley Creek and  
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Table 5.  Schedule for bed sediment characteristic sampling. 
 
Date 
Valley Creek / 
L. Valley Creek 
Stations Morehall Rd Sheldrake Rd 
 Sed. 
Depth 
Grain 
Size 
Sed. 
Depth 
Grain 
Size1 
 
Sed. 
Depth 
Grain 
Size1 
Oct. 2000 X      
Apr. 2001  X X X X X 
June 2001    X   
Aug. 2001     X X 
Oct. 2001 X X X X X X 
Jan. 2002 X      
Apr. 2002 X X X X   
May 2002       
June 2002     X X 
July 2002 X      
Oct. 2002 X X X X X X 
Jan. 2003 X  X  X  
Apr. 2003   X X X X 
Aug. 2003 X X     
1Sediment also collected for laboratory phosphorus uptake experiments and metals 
content analysis. 
 
 
varies in width from 4 m at the downstream end of the bend to approximately 8 m in the 
middle of the bend.  The pool length was 10m.  All sediment samples were collected 
from the downstream half of the pool.  In order to sample this location, the regular grid 
used at other stations was modified.   At Station 11, three transects were placed 2.5 m 
apart.  The stream was 4 m wide at the downstream transect and two grab samples were 
collected at 1 m and 3 m from the right bank.  Along the middle transect, the stream was 
5 m wide and one grab sample was collected in the center of the channel at 2.5 m from 
the right bank.  At the upstream transect, the stream was 8 m wide and three grab samples 
were collected: at 2 m, 4 m and 6 m from the right bank.   At the Station 12 sediment 
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collection location, Little Valley Creek was just 1 m wide.  One longitudinal transect was 
placed at an existing foot bridge and four grab samples were collected at 2 m intervals 
beginning 0.5 m upstream of the footbridge and extending 4.5 m downstream of the 
footbridge. 
At the Sheldrake Rd. and Morehall Rd. stations, the streambed was narrow (on the 
order of 1 m to 2 m) and samples were collected along a longitudinal profile centered on 
the thalweg.  At Sheldrake Rd., four grab samples were collected.  One grab sample was 
collected at each of the upper four solute injection monitoring stations: Station 1 at 22.4 
m below the injection point; Station 2 at 45 m below the injection point; Station 4 at 119 
m below the injection point; and Station 5 at 238 m below the injection point.  At 
Morehall Rd. —UMV, four grab samples were collected in the upper 90 meters of the 
injection reach: at Station 1, 36 m below the injection point; at 49 m below the injection 
point; at 78 m below the injection point and at 90 m below the injection point.   At 
Morehall Rd. —MDS, three grab samples were collected: at 20 m below MR4, at 40 m 
below MR4 and at 52 m below MR4.   MR4 was located 770 m downstream of the 
injection point at an access road for a commercial lumber yard and 180 m upstream of 
MR5.   Sediment samples were collected near the centerline of the channel.  All sampling 
began on the downstream end of the sampling reach or grid. 
  Each sediment sampling event consisted of visiting one sediment collection site, 
and collecting the specified number of grab samples as described above.  The sediment 
was divided into three size classes for collection purposes:   
1) coarse sediment, which could not be picked up by the pump using the    
    method described below.  It is typically larger than 2 mm and had to be       
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    collected with a scoop;  
2) fine sediment, which could be picked up by the pump using the method   
    described below.  Fine sediment is typically smaller than 2 mm; and  
3) very fine sediment, which is the fraction of fine sediment that will pass 
through a 25 µm nylon filter bag.   
One composite sample of each size fraction was returned to the laboratory for 
each sampling event.   With the exceptions noted below, the sediment samples at each 
location were collected using the following methodology, which was adapted from 
Mulholland et al. (1985).  A 25.4 cm diameter PVC pipe was placed inside a 30.5 cm 
diameter PVC pipe.  The inner pipe was used to isolate a defined stream bottom area and 
the outer pipe acted as a stilling well to minimize the impact of flowing water on the 
sediment collection.  The two pipes were pushed into the streambed until refusal, 
typically 5 cm or less.   A cloth gasket was then wrapped around the outer standpipe to 
further minimize exchange of water with the flowing stream.  The water and streambed 
within the inner pipe were agitated using a plastic scoop in order to suspend the fine and 
very fine sediment. The water was then pumped out of the inner pipe using a Homelite 
Model AP125 pump and the water sample with fine and very fine sediment was pumped 
through a 25 µm nylon filter bag into a 30 L plastic bucket until 24L of water was 
pumped.  Very fine sediment passed through the filter bag, while fine sediment was 
retained in the filter bag.  The filtered water and very fine sediment in the 30 L bucket 
was then well mixed by hand, a representative subsample of approximately 125 mL was 
retained and the remainder of the water and very fine sediment in the 30 L bucket was 
poured back into the creek.  This process was repeated until the pumped water ran clear 
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indicating that the fine and very fine sediment had been removed from the sample area.  
Thus the 30 L bucket was filled many times at each station.  Each time the 30L bucket 
was filled, the water and very fine sediment in it were well mixed and a representative 
subsample of approximately 125mL was retained. The 125 mL subsamples of water and 
very fine sediment were then composited and a total of approximately 250 mL of water 
and very fine sediment was returned to the laboratory to be analyzed for total solids 
through filtration on a 0.45 µm filter and drying.  The total mass of very fine sediment 
was converted to a concentration by multiplying by the actual volume of water returned 
to the lab.   This concentration (mgL-1), when multiplied by the total volume of pumped 
water (30 L multiplied by the number of times the bucket was filled) yielded the total 
mass of very fine sediment that passes through the 25 µm filter bag.     
The fine sediment was collected in the nylon filter bag.  The filter bag was 
emptied as necessary and also in between sediment grab samples.  A composite sample of 
fine sediment was obtained by mixing the fine sediment from all of the grab samples 
together and removing a volume of fine sediment proportional to the number of grab 
samples collected (e.g. if 8 grab samples were collected and composited together, the 
volume of the composite sample was equal to one eighth of the total sediment volume).  
In August, 2003, three volumes of fine sediment proportional to the number of grab 
samples collected from Stations 3, 4, 5, and 11 were returned to the laboratory for 
analysis.  
Coarse sediment was collected by hand using a plastic scoop. The coarse 
sediment from each grab sample was placed into a plastic mixing tray.  A composite 
sample was obtained by mixing the coarse sediment from all of the grab samples together 
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and removing a volume proportional to the number of grab samples collected (e.g. if 8 
grab samples were collected and composited together, the volume of the composite 
sample was equal to one eighth of the total sediment volume).    In August, 2003, three 
volumes of coarse sediment proportional to the number of grab samples collected from 
Stations 3, 4, 5, and 11 were returned to the laboratory for analysis. 
All sediment was then iced and brought back to the laboratory and frozen until 
grain size analysis was accomplished using wet sieving techniques as described in 
Section 4.2.2 below.     
Sediments collected at each of the five watershed stations in April, 2001 and at 
Morehall Rd. in April, 2001 and June, 2001 were collected using a 50 µm filter bag and 
the sediment that passed through the filter was not collected.  These samples were not 
considered in the data analysis.  The samples at Sheldrake Rd. were collected without the 
use of a pump because the stream was not deep enough to submerge the pump intake.   
Therefore, sediment and overlying water were removed from the defined area of stream 
bed using a plastic scoop.      
   
4.1.3 Sediment Depth  
Sediment depth profiles were measured according to the schedule in Table 5.  The 
purpose of the measurements was to document changes in the depth of unconsolidated 
sediment in the stream bed.  At each site, sediment depth was measured using a 1.24 m 
fiberglass sediment probe with a steel tip.  The probe was inserted until refusal.  Early 
measurements at the Sheldrake Rd. and Morehall Rd. were made every 10 meters along 
the approximate centerline of the stream channel.  In order to increase the number of data 
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points and reduce the error about the mean, subsequent measurements were made every 5 
meters.   At Sheldrake Rd., measurements were made from the solute tracer injection 
point to Station SH5, 238 m downstream.  At Morehall Rd., measurements were made 
from the solute tracer injection point to Station MR2, 178m downstream and from Station 
MR4, 770 m below the solute tracer injection point, to Station MR5, 950 m below the 
solute tracer injection point.     
At each of the five numbered stations, one lateral transect was measured at 0.30 
meter intervals.   At Station 3 and Station 4, the sediment depth transect was placed 
between the two sediment sampling transects.  At Station 5 and Station 11, the sediment 
depth transect was placed downstream of the sediment sampling transect.  At Station 12, 
the sediment depth transect was placed in a bend in the stream approximately 20 m 
upstream of the sediment collection area.    
 
4.1.4 Diurnal Dissolved Oxygen  
Diurnal dissolved oxygen measurements were made at Sheldrake Rd., at UMV, 
and at MDS in accordance with the schedule shown in Table 6a. Table 6b shows the 
average stream temperature at the time of the dissolved oxygen measurements.  Two 
stations were monitored in each reach.  Each set of measurements was made using a pair 
of Campbell Scientific data loggers—a CR510 and a BDR320.  Each data logger was 
equipped with a CS511-L Sensorex dissolved oxygen probe and either a Campbell 
Scientific 103 or 108 temperature probe.    Dissolved oxygen concentration and 
temperature measurements were recorded at 5 minute intervals during the early 
experiments.  The time interval was reduced to 1 minute intervals for later experiments.   
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Table 6a. Schedule of diurnal dissolved oxygen measurements. 
 
Date Morehall Rd Sheldrake Rd 
 UMV MDS  
October 2001 X  X 
December 2001   X 
March 2002 X X  
June 2002 X   
July 2002 X X  
October 2002 X  X 
November 2002   X 
January 2003   X 
April 2003 X  X 
May 2003  X  
 
 
Table 6b.  Reach average temperature at time of diurnal dissolved oxygen measurements. 
 
Date Temperature °C 
 Morehall Rd Sheldrake Rd 
 UMV MDS  
October 2001 13  14 
December 2001   8 
March 2002 9 8  
June 2002 17   
July 2002 20 20  
October 2002 17  16 
November 2002   11 
January 2003   9 
April 2003 11  11 
May 2003  13  
 
 
4.2 Laboratory methods   
 4.2.1 Water Samples 
All bromide samples were refrigerated at 4°C or frozen upon return to the 
laboratory. Samples were analyzed using a Dionex 500 Ion Chromatograph with either an 
AS12 or AS14 analytical column preceded by an AG12 or AG14 guard column.  Samples 
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were filtered just prior to analysis through a 0.2 µm filter.  One out of every 10 samples 
was run in duplicate. 
Soluble Reactive Phosphorus was determined colorimetrically on filtered (0.45 
µm) samples using the ascorbic acid method.  Readings were taken using a Hitachi U-
2000 spectrophotometer at a wavelength of 885 nm between 15 minutes and 2 hours after 
addition of reagent.     
Water samples collected for metals (aluminum, iron, magnesium and calcium) 
analysis were field filtered using a 0.45 µm filter and acidified in the field using 0.5 mL 
of 1% hydrochloric acid.  Samples were frozen until analyzed using flame atomic 
adsorption.    
 
 4.2.2 Sediment samples 
Sediment was collected for phosphorus uptake experiments, metals content and 
for grain size analysis according to the schedule shown in Table 5.   
 
 4.2.2.1 Phosphorus Uptake  
Sediment to be used for phosphorus uptake experiments was collected in bulk 
from areas within the reach where fine sediment had accumulated.  Collection was 
focused on sediment that was less than 2 mm in diameter and, unlike the sediment 
collected for grain size analysis, was not filtered in the field.  In conjunction with the 
sediment collection, several liters of stream water were collected for use in the 
phosphorus uptake experiments.  Once in the laboratory, the stream water was filtered 
using a 0.45 µm filter and the sediment was sieved through a 1 mm sieve.  The sieved 
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sediment sample was split, half being autoclaved (120 oC, 15psi) and half being used 
fresh.  Phosphorus uptake experiments were begun on the day sediment was collected. 
Table 7 shows the various phosphorus concentrations and time periods for each 
phosphorus uptake experiment.  For each set of phosphorus uptake experiments, six 
phosphorus concentrations were used.  Approximately 5g to 7g of sediment were added 
to 50 mL of filtered stream water in a pre-weighed and dried polypropylene bottle. The 
background phosphorus concentration was increased by the addition of various amounts 
of phosphorus standard as shown in Table 7 and the samples were placed on a shaker 
table in an incubator and stirred at 50 rpm.  The temperature of the incubator was set at 
the stream temperature measured on the day of sediment collection.  The photoperiod of 
the incubator was equal to the photoperiod on the day of sediment collection.  For  
background phosphorus concentrations increased by 0.0 µM, 1.0 µM, and 65 µM, 
phosphorus remaining in the water column was determined by filtering 15mL of 
supernatant through a 0.45 µm filter at 15 min, 30 min, 60 min, 2 hr, 4hr and 24 hr.  The 
filtered supernatant was analyzed using the ascorbic acid method as described previously.   
 
 
Table 7.  Laboratory phosphorus uptake variables.  
 
Added P 
(µM) Time of Experiment 
 0 min 15 min 30 min 60 min 2 hr 4 hr 24 hr 
0  X X X X X X 
0.1    X    
0.2    X    
1.0  X X X X X X 
20.83    X    
65  X X X X X X 
Blank X   X X X X 
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For background phosphorus concentrations increased by 0.1 µM, 0.2 µM and 20.83 µM, 
phosphorus remaining in the water column was measured only at 60 min.    
The initial sediment phosphorus concentration was determined by first weighing 
and ashing a small (~50 mg) dry sediment sample in a 550 oC furnace for three to four 
hours.  After cooling and reweighing, the sample was acidified in 0.1M hydrochloric acid 
(HCl) for three to four hours.  Next, 40mL – 50 mL of potassium persulfate (K2S2O8) 
were added to the sediment/HCl and the sample was sonicated for 10 minutes.  The 
samples were then autoclaved for 20 minutes, filtered using 0.45 µm filter paper and 
analyzed using the ascorbic acid method.   The measured phosphorus concentration was 
multiplied by the total volume of HCl and K2S2O8 added and divided by the total mass of 
sediment used to determine the mass of phosphorus per mg of dry sediment.  Three 
sediment samples (one from Sheldrake Rd., one from UMV, and one from MDS) were 
analyzed in triplicate. 
  
 4.2.2.2 Grain Size Distribution 
Coarse and fine bulk sediment samples analyzed for grain size distribution were stored in 
a freezer between the time of collection and analysis.  The very fine sediment samples (< 
25 µm) were stored in a refrigerator at 4°C until analyzed.   
Analysis of the very fine sediment samples consisted of filtering the sample using 
a pre-weighed 0.45 µm filter, weighing the filtered stream water to determine its volume, 
drying the filtered sediment and filter in a 65 oC oven overnight and reweighing the filter 
and sediment to determine the mass of very fine sediment in the sample returned to the 
laboratory.  The mass of very fine sediment and the volume of stream water filtered in the 
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laboratory were used to calculate the concentration of very fine sediment in the sample 
returned to the laboratory.  This concentration was used in Equation 2 to estimate the 
total mass of very fine sediment in the composite sample.   
 
n
n
vfs
G
BVConc
M
**=        (2) 
 
Where Mvfs is the mass of very fine sediment (g); Conc is the concentration of very fine 
sediment determined in the laboratory(gL-1); V is the volume of the bucket (L); Bn is the 
number of times the bucket was filled; Gn is the number of grab samples collected at the 
site. 
Coarse sediment and fine sediment bulk samples were removed from the freezer 
and allowed to thaw at room temperature prior to analysis.  Once thawed, the entire 
sample was placed in an oven at 65 oC and dried.  This process usually took several days.  
Samples were periodically weighed throughout the drying period until consecutive 
weighings did not significantly change.  Once the total mass of the combined coarse 
sediment and fine sediment sample was known, the sample was wet sieved using a 1 cm, 
2mm,  75 µm, and 50 µm sieve.  Wet sieving involved placing the 1 cm sieve over a large 
pan.  Then placing a quantity of sediment on the sieve and washing the sediment with tap 
water, carefully collecting all of the water and sediment that passed through the sieve.  
Once the water passing through the sieve appeared to be clean, the sediment in the sieve 
was placed in a pre-weighed pan.  These steps were repeated until all of the sediment had 
been sieved using the 1 cm sieve.  The sediment in the pre-weighed pan was placed in the 
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oven at 65 oC and dried.  The water and sediment that passed through the 1 cm sieve was 
then added in small quantities to the 2 mm sieve.  The same process was repeated in 
which tap water was used to wash the sediment, carefully collecting all of the water and 
sediment that passed through the 2 mm sieve.  All of the sediment trapped in the 2 mm 
sieve was placed in a second pre-weighed pan and placed in the oven to dry.  The process 
was repeated with a 75 µm sieve and then with a 50 µm filter.  The sediment trapped in 
the 75 µm sieve and in the 50 µm filter was placed in individual pre-weighed pans and 
placed in the oven to dry.  The sediment that passed through the 50 µm filter was not 
collected.  The mass of each size fraction (>1cm, > 2mm, > 75 µm, > 50 µm) was 
determined after the sediment had dried.  The sediment was weighed several times during 
the drying process until two consecutive weights were unchanged.  The sub-50 µm 
fraction was calculated according to Equation 3: 
 
vfsmmmmcmfcm
MMMMMMMM ++++−+=< )( 50752150 µµµ    (3) 
 
where M<50µm is the total mass of sediment < 50 µm; Mc is the total mass of the unsieved 
coarse sediment  sediment; Mf is the total mass of the unsieved fine sediment; M1cm is the 
mass of sediment larger than 1 cm; M2mm is the mass of sediment between 1cm and 2mm; 
M75µm is the mass of sediment between 2mm and 75 µm; M50µm is the mass of sediment 
between 75 µm and 50 µm and Mvfs is the mass of very fine sediment determined from 
Equation 2.    
For the purposes of this research, grain size distribution was classified as: f<2000 
(the fraction of the fine sediment with 2000 µm > d > 75 µm); f<75 (the fraction of fine 
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sediment with 75 µm > d > 50 µm); and f<50 (the fraction of fine sediment with d < 50 
µm).  The 50 µm cut-off was chosen as the smallest grain size that could effectively be 
measured using standard wet sieving techniques.  The f<2000 and f<75 classes are consistent 
with the standards published by the American Society for Testing and Materials (ASTM, 
1996a, b) and the American Association of State Highway and Transportation Officials 
(AASHTO, 2003) for sand and silt fraction.  The f<50 class includes medium and fine silt 
plus clay and colloids in accordance with ASTM (1996a, b) and AASHTO (2003).     
However, the Unified Soil Classification System (U.S. Bureau of Reclamation, 1986) 
groups everything smaller than 75 µm into a single class referred to as "Fines (Silt, 
Clay)".   
 
4.2.2.3 Metals content 
Metals content of the sediment was determined on the silt and sand size fraction 
(between 50 µm and 2 mm).  A small dried sediment sample (~1g) was first acid digested 
in accordance with EPA Method 3050B and then analyzed using flame atomic 
adsorption.  EPA Method 3050B calls for digestion of the sample while heating without 
boiling.  Initially, 10mL of nitric acid was added to the sediment sample.  Sequential 
additions of 5mL of nitric acid were used until oxidation was complete (i.e. lack of brown 
fumes).  Next sequential addition of hydrogen peroxide was used starting with 3mL and 
then continuing with 1mL aliquots until effervescence was minimal.  Finally, 10mL of 
hydrochloric acid was added and heating without boiling was continued for 15 minutes.  
The sample was cooled, filtered and diluted to 100mL.  Analysis for aluminum, iron, 
calcium and magnesium was completed using flame atomic adsorption.  The 
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concentration of each metal in the sediment sample (mg g-1) was calculated as the 
concentration determined from atomic adsorption analysis (mgL-1) times 0.1L divided by 
the mass of sediment (g).  Three sediment samples (one from Sheldrake Rd., one from 
UMV and one from MDS) were analyzed in triplicate. 
 
4.2.2.4 Organic matter content 
The total organic matter content of the bed sediment was determined by the 
difference in the pre- and post-combustion mass of a small (~50 mg) dry sediment sample 
that was ashed in a 550 oC furnace for three to four hours.   
 
4.3 Data Analysis 
 4.3.1 Solute Transport and Storage 
The USGS code OTIS (One-dimensional Transport with Inflow and Storage, 
Runkel (1998)) was used to analyze the conservative tracer solute data.  This is a 
commonly used and well recognized code that is in the public domain (c.f. Morrice et al., 
1997; Fellows et al., 2001; Hall et al., 2002; Scott et al., 2003; Harvey et al., 2003).  
OTIS was developed to solve the coupled advection-dispersion-transient storage 
equations as shown in Equations 4 and 5: 
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where 
A = channel cross-sectional area (m2) 
As  =  storage zone cross-sectional area (m2) 
C = channel solute concentration (mg m-3) 
Cl = lateral inflow solute concentration (mg m-3) 
Cs = storage zone solute concentration (mg m-3) 
D = dispersion coefficient (m2 s-1) 
Q = volumetric flow rate (m3 s-1) 
ql = lateral inflow rate (m3  s-1 m-1) 
t = time (s) 
x = distance (m) 
α = storage zone exchange coefficient (s-1) 
 
 4.3.2 Phosphorus Uptake 
  4.3.2.1 In situ  
Analysis of the in situ phosphorus data was done using the methods presented in 
Newbold et al. (1983), Mulholland et al. (1985) and the Stream Solute Workshop (1990).  
The soluble reactive phosphorus data were first corrected for dilution according to 
Equation 6.     
 
d
u
mc C
CPP *=         (6) 
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Where Pc is the corrected phosphorus concentration at the downstream station, Pm is the 
measured phosphorus concentration at the downstream station; Cu is the measured 
conservative tracer concentration at the upstream station and Cd is the measured 
conservative tracer concentration at the downstream.     
 The 'uptake length' (the theoretical distance traveled by a molecule in the water 
column before entering the sediment) was then calculated according to Equation 7: 
 
⎟⎠
⎞⎜⎝
⎛−= wSxud eCC         (7) 
 
where Cd is the dilution corrected phosphorus concentration (µM) at the downstream 
station, Cu is the dilution corrected phosphorus concentration (µM) at the upstream 
station, x is the distance (m) between stations and Sw is the uptake length (m).  The 
uptake rate coefficient (kt, s-1) is then calculated as shown in Equation 8. 
 
w
t S
vk =          (8) 
where v is the measured stream velocity (m s-1). 
  
4.3.2.2 Laboratory  
Laboratory experiments were also used to determine the phosphorus uptake rate 
(kLt, s-1).  Data from the 24-hour experiments were used in Equation 9. 
 
Tk
ot
LteCC =        (9)  
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where Ct is the final sediment phosphorus concentration (µM mg-1), Co is the initial 
sediment phosphorus concentration (µM mg-1), and T is the time duration of the 
experiment (s).  The final sediment phosphorus concentration was determined by 
multiplying the change in water column phosphorus concentration by the mass of 
sediment and adding the result to the initial sediment phosphorus concentration. 
 
4.3.3 Community Metabolism 
The change in the mass of dissolved oxygen in a parcel of water as it travels 
between the upstream station and the downstream station was used to estimate the 
community photosynthesis and respiration rates using Equation 10 (McCutchan et al., 
2002).  
   
[ ] [ ])()( tmtSvkARPQC
dt
dm
gg −+++=      (10) 
 
where  
dt
dm   = change in the mass of oxygen with respect to time (g d-1) 
Cg   = concentration of oxygen in groundwater inflow (g m-3) 
Qg    = groundwater inflow rate (m3 d-1)  
P = community productivity rate (g m-2 d-1) 
R = community respiration rate (g m-2 d-1) 
A =surface area of the parcel of water (m2) 
72
 
k = reaeration rate (d-1) 
S = dissolved oxygen saturation concentration (g m-3) 
v[t] = volume of the parcel of water at time [t] (m3) 
m[t] = mass of oxygen in the parcel at time [t] (g).   
 
As presented by McCutchan et al. (2002), this equation can be solved for c[t] 
(= [ ][ ]tv
tm ) as shown in Equation 11: 
 
 [ ] ( ) [ ] ⎟⎟⎠
⎞
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⎛
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⎡ −++−++⎟⎠
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⎛ −⎥⎦
⎤⎢⎣
⎡ ++
⎟⎠
⎞⎜⎝
⎛ +
−
= 1111 kteSiCikVktkteSgQkteRPAgQgC
iVtgQk
ktetc     (11) 
 
 Measuring dissolved oxygen at two stations over a 24 hour period provides data 
during daylight hours, when both photosynthesis (i.e. gross primary productivity) and 
respiration occur, as well as data during nighttime hours, when no photosynthesis occurs.  
If one assumes that the reaeration rate and respiration rate remain constant over the 24 
hour monitoring period, then this equation can be solved simultaneously at two time 
periods to estimate the reaeration rate.  With the reaeration rate estimated, the sum of the 
gross primary productivity and community respiration rates (P+R) can be estimated.  
Since productivity is zero at night, the nighttime values of (P+R) represent respiration 
only.  The average of the nighttime R values can be subtracted from the daytime (P+R) 
values yielding the gross primary productivity rate.     
  For comparison, alternative values of k were calculated using the empirical 
Owens equation (12) and the empirical Tsivoglou equation (13).   
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0.73
1 *3.23,
H
VdKa =−         (12) 
86400*11.0, 1 VSdKa =−                    (13) 
where  
V = stream velocity (ft s-1) 
H = stream depth (ft) and  
S = stream slope. 
 
4.4 Land Use Changes 
Changes in land use were examined using Chester County GIS data.  These data 
specify land use at the parcel level.  Data were captured every four to six months 
beginning in August, 2001.  Typically, the date of capture was coincident with the date of 
the conservative tracer injections.  However, land use data for the October 2001 tracer 
injection experiments conducted at Sheldrake Rd. and Morehall Rd. were not obtained 
until December, 2001.  ESRI ARCMap 8.1 was used to view and analyze the data within 
the drainage area of each field site.    
Each tax parcel within the watershed was given a land use code by Chester 
County.  The codes included designations such as residential, commercial, industrial, 
park, etc.  In addition, for residential and commercial land, the code specified if the land 
was 'vacant' (i.e. undeveloped).  For purposes of my analysis, all vacant land was grouped 
together and considered separately from its base classification of residential or 
commercial.  Open space and parks were grouped together since these land uses will have 
similar impacts on the ecological processes of Valley Creek.    
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5: RESULTS 
5.1 Land cover/land use changes  
 In order to properly consider the impacts of urbanization, one must first determine 
how the landscape is changing in time.  Both land use and land cover must be considered.  
Land use describes how the land is used, while land cover describes what is on the land.  
For the purposes of this study, land cover was divided into two just categories—pervious 
land cover and impervious land cover.  Land use was divided into seven categories: 
residential, commercial, industrial, institutional, farm, vacant and open/park.  Vacant land 
was defined as undeveloped residential and commercial property.  Open/park land was 
defined as dedicated open space and federal, county and municipal park land.  These land 
uses were combined because the impacts to Valley Creek will be similar for dedicated 
open space and park.    
Land use and land cover changes were examined for the Valley Creek watershed 
as a whole; for the Morehall Rd. site drainage area; and for the Sheldrake Rd. site 
drainage area.  Land use data were obtained from the Chester County GIS Office in 
August 2001, December 2001, April 2002, October 2002 and May 2003. 
 
5.1.1 Valley Creek watershed  
The most recent aerial photography of the watershed was completed in 2000.   
The 2000 photographs were analyzed and land coverage was determined by Emerson 
(2003).   Impervious surfaces covered 16.1% of Valley Creek watershed.  This is shown 
in Figure 15.   
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Figure 15.  Valley Creek watershed impervious cover as of March 2000. 
 
 
The land use data set captured in August 2001 appeared to have significant errors.  
The total watershed area (calculated as the sum of the areas of all the parcels) was 54.4 
km2 based on this data.  This is just over 91% of the actual total watershed area.  The 
source of the error is unknown.  While the land use distribution obtained from this data 
set was very similar to that of the other data sets, as shown in Figure 16, watershed-wide 
changes in land use will be discussed only for the period from December 2001 through 
May 2003.  Figure 17 shows the land use in May, 2003. 
Land use in this watershed was predominantly residential and commercial.  More 
than 70% of the watershed was built or was zoned for residential and commercial uses.  
The total number of land parcels or lots in the watershed increased from 8588 in 
December 2001 to 8866 in May 2003.  This was an average of 15 new lots per month. 
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Figure 16.  Land use changes in Valley Creek watershed.   
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Figure 17.  Valley Creek watershed land use as of May 2003. 
 
 
 
77
  
However, during the course of this study, the overall land use distribution did not 
significantly change (Figure 16).  Residential land use ranged from 34.4% of the 
watershed in December, 2001 to a high of 36.4% of the watershed in April 2002 and then 
decreased to 35.2% of the watershed by May, 2003.  Commercial land use ranged from 
17.1% of the watershed in December 2001 to 20.4% of the watershed in April, 2002.  
Approximately half of this increase was due to the conversion of the 0.9 km2 Cedar 
Hollow Quarry (a.k.a. Trammel Crow) property from a mining operation (industry) to a 
commercial office park.  Commercial land use dropped to 19.3% of the watershed in 
October 2002 and then increased to 20.1% of the watershed in May 2003.    Institutional 
land, which includes schools, churches, and government offices, increased from 9.1% of 
the watershed in December 2001 to 9.7% in October 2002.  By May 2003, institutional 
land use accounted for just 8.9% of the watershed.  Industrial land use decreased from 
6.7% in December 2001 to 5.2% in May 2003.  Most of this decrease was attributable to 
the conversion of the quarry property to a commercial office park.  The percentage of the 
watershed classified as farm land varied between 2.9% and 3.9%, with no trends.  
Utilities constitute an additional 1.5% to 1.8%.  Vacant land that was zoned for 
residential or commercial use encompassed 18.3% of the watershed in December 2001 
and increased to 18.5% in April 2002.  The percentage of vacant land decreased to 17.3% 
in October 2002 and increased slightly to 17.4% in May 2003.  Dedicated open space and 
park lands encompassed just 7.5% of the watershed in December 2001.  While this value 
increased to 7.9% of the watershed by October 2002, it decreased to 7.2% of the 
watershed in May 2003.  It should be noted however that Valley Forge National Historic 
Park (VFNHP), located at the mouth of Valley Creek, encompasses approximately 3.25 
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km2, or 5.5% of the entire watershed.  Thus, only 2% of the watershed outside of VFNHP 
(approximately 1.2 km2) was dedicated open space or park land. 
    
 5.1.2 Morehall Rd. Site 
 Impervious land coverage within the Morehall Rd. site's drainage area in 2000 is 
shown in Figure 18.  This site had significantly higher impervious cover than the 
watershed as a whole.  As detailed in Section 3.3, the Morehall Rd. site was divided into 
two sections, UMV and MDS.  Impervious coverage of the UMV drainage area increased 
from 21.6% in 1995 to 28.3% in 2000.  Impervious coverage of the MDS drainage area 
increased from 29.4% in 1995 to 33.2% in 2000.  Figure 19 shows the land use for the 
Morehall Rd. site in May 2003.  The change in land use distribution from August 2001 to 
May 2003 for the Morehall Rd. site is shown in Figure 20.  The drainage areas calculated 
from the five land use data sets were ±0.5%.  Therefore, all five data sets were examined.  
As can be seen in Figure 20, there was little or no change in the land use of the Morehall 
Rd. site drainage area between August 2001 and May 2003.  The most notable aspect of 
the area was the lack of open space and parks.  In the UMV drainage area, between 
August 2001 and May 2003, residential land accounted for approximately 47% of all land 
use and commercial land accounted for 23% of all land use.  The significant amount of 
vacant residential and commercial land (12.8%) indicates the future potential for the 
drainage to include more than 83% developed land.   
The UMV drainage area was part of the MDS drainage area.  For MDS, 
residential land constituted approximately 30% to 32% of the drainage area.  Commercial 
land uses accounted for an additional 27% to 30% of the drainage area.   Accounting for  
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Figure 18.  Morehall Rd. impervious cover as of March 2000.  The smaller polygon 
represents the drainage area to monitoring station MR2. 
  
 
0 1 20.5
Kilometers
.
Not Classified
Commercial, Residential, Institutional
Vacant Land
Industry and Utility
Land Use
 
Figure 19.  Morehall Rd. land use as of May 2003.  The smaller polygon represents the 
drainage area of UMV. 
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Figure 20.  Land use changes within A) Morehall Rd. -- UMV drainage area and           
B) Morehall Rd. -- MDS drainage area.  
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the 14% of the drainage that was undeveloped residential and commercial land, the future 
land use in this drainage may be as much as 74% residential and commercial. 
 
5.1.3 Sheldrake Rd.  
 The Sheldrake Rd. site was the smallest of the three sites investigated in this 
study.  Impervious land accounted for 26.7% of the drainage area in 2000, as is shown in 
Figure 21.    A nine-lot subdivision was constructed during this study.  This increased 
impervious coverage by an estimated 5430 m2 bringing the total to 28.4%.   
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Figure 21.  Sheldrake Rd. impervious cover as of March 2000.  Hatched area denotes 
drainage area of upper 238m of experimental reach. 
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Land use in May 2003 for the Sheldrake Rd. site is shown in Figure 22.  The 
change in land use distribution is shown in Figure 23.  Once again the dominant land use 
was residential.  However, there was a significant change in the distribution during the 
course of this study.  Residential land use increased from 49.3% in April 2002 to 55.8% 
in October 2002, and increased again to 60.5% in May 2003.  There was a decrease in the 
vacant land use category from 17.2% to 6.0% over the same time period.  These changes 
were the direct result of the nine-home subdivision built on the ridge just above the study 
reach.    All other land uses remained approximately constant throughout this period. 
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Figure 22.  Sheldrake Rd. land use as of May 2003 
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Figure 23.  Land use changes within Sheldrake Rd. drainage area. 
 
 
 
5.2 Solute Transport and Bed Sediment Characteristics 
Solute transport experiments were conducted within each study reach over the 
course of the two-year study (Table 1).  Bed sediment characteristics (fine sediment grain 
size distribution, depth of bed sediment and wetted width) were measured at the Morehall 
Rd. and Sheldrake Rd. sites as well as at five stations distributed throughout Valley Creek 
and Little Valley Creek.  Table 5 shows the timetable for the measurement of bed 
sediment characteristics.   
 
5.2.1 Solute Transport 
Solute transport experiments were conducted in order to assess the impact of 
urbanization on transient storage and dispersion.  Experiments were conducted at the 
Valley Creek main stem site, Morehall Rd. site and Sheldrake Rd. site.   
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 5.2.1.1 Valley Creek Main Stem 
Experiments were conducted at the Valley Creek main stem study site initially in 
August, 2001 and again in March and July, 2003.  The following description of the 
August 2001 experiment is taken from Ryan et al. (2003).  
In August 2001, a now decommissioned major limestone quarry operation in the 
watershed pumped accumulated groundwater out of the quarry pit and into a tributary of 
Valley Creek ("Quarry Tributary", Figure 4).    During the period of the study, the quarry 
pumps were operated in a cycle of (1) one pump operating, (2) two pumps operating, and 
(3) no pumping.  The period of the cycle ranged from 5 to 7 hours.  This cycle had a 
significant impact on the hydraulics of Valley Creek, as reflected by the stream stage 
record at a USGS gauge located 7.15 km downstream of the quarry tributary and 3.65 km 
upstream of the mouth of Valley Creek (Figure 4).  During summer low-flow periods, 
when base flow was near 0.3 m3s-1, the gage showed flow variations of up to 50% due to 
quarry cycling as shown in Figure 24. 
 A second anthropogenic impact occurs from an abandoned mineral processing plant 
located in the headwaters of Valley Creek, approximately 7 km upstream of the quarry 
tributary.    Bromide-contaminated groundwater from this site was intercepted by a series of 
faults in the fractured limestone aquifer and was carried along these faults until they intercept 
Valley Creek in two locations as indicated in Figure 25.  In each location, bromide-bearing 
groundwater entered the stream through several springs, producing high levels of bromide (>1 
mg L-1) in Valley Creek.  The quarry was located in an uncontaminated sub-watershed, and 
the bromide concentration of the quarry discharge was quite low (approximately 0.05 mg L-1).  
The tributary inflow from the quarry diluted the bromide in the main stem of Valley Creek, 
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Figure 24.  Flow in Valley Creek on August 7 and 8, 2001 as recorded at the USGS gage, 
7.15 km downstream of the quarry tributary. 
 
 
and the downstream bromide concentrations varied over time because of the periodic nature of 
the quarry discharge. 
 Using these two anthropogenic perturbations, an 'ambient' tracer study was conducted in which 
the fluctuation of the in-stream bromide concentration was simulated using the OTIS  (One-
dimensional Transport with Inflow and Storage) model (Runkel, 1998).  A schematic of the 
watershed with the monitoring locations and bromide contamination source identified is 
shown in Figure 26.  Upstream bromide levels in Valley Creek at VC1 were measured several 
times during the experiment and found to be 1.19 mgL-1, 1.24 mgL-1 and 1.37 mgL-1.   
Measured bromide concentrations at QT1 were 0.054 mgL-1, 0.040 mgL-1 and 0.052 mgL-1.  
Bromide concentrations at LV1 were 0.100 mgL-1, 0.093 mgL-1 and 0.082 mgL-1.  Analytical 
precision, determined through replicate analysis, was ±4.6%.  Flow upstream of the quarry at  
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Figure 25.  Valley Creek watershed showing geologic faults (black lines, Bascom and 
Stose, 1938) which carry contaminated groundwater from the Foote Mineral site into the 
creek (Environmental Resources Management, 2000).  The red filled circles are 
proportional to the measured in-stream bromide concentration.   
 
 
 
VC1 was measured two times during the experiment and found to be 0.071 m3s-1 and 0.067 
m3s-1.  In February 2002, flow was again measured at VC1 (0.068 m3s-1) and then measured at 
VC2 (0.077 m3s-1).  The estimated discharge of the quarry tributary ranged from 0.118 m3s-1 
to 0.247 m3s-1 over each pump cycle.  This was not exactly the same as the flow 
pumped out of the quarry due to losses to groundwater between the quarry discharge point and 
the at confluence of the quarry tributary with Valley Creek.  There were also losses to 
groundwater in some locations within the main stem of Valley Creek.  A net water efflux from 
the stream of 0.062 m3s-1 between stations VC6 and VC7 was calculated.  Independent flow 
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Figure 26.  Valley Creek showing the location of the August 2001 ambient tracer   
monitoring stations.  The black triangles upstream of the monitoring stations indicate 
where geologic faults intercept Valley Creek, and introduce bromide-contaminated 
groundwater to the stream.  
 
 
measurements made using a Gurley Pygmy Current Meter (Model #625) in June 2002 under 
steady state flow conditions showed a loss of 0.04 m3s-1 in this location. 
 The bromide concentration data and OTIS simulations for the breakthrough 
curves at stations VC4, VC5 and VC7 are shown in Figure 27.  It is apparent that there 
was a periodic variation in the in-stream bromide concentration downstream of the quarry 
inflow, and that this wave was attenuated as it traveled downstream due to dispersion and 
other mixing processes.  The periodicity and the magnitude of the bromide variation were 
simulated quite well at all three stations.  The simulation at the USGS gauge (VC7) was  
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Figure 27.  OTIS Calibration Curves for the 2001 Valley Creek main stem ambient tracer 
experiment:  A—VC4; B – VC5; C – VC7.  Open circles indicate measured bromide 
concentration data; solid lines indicate model output.  Samples were collected hourly from 
2 PM August 7 to 1 PM August 8, 2001. 
 
 
 
based on the stream discharge data reported by USGS because these values provided a 
better fit of the bromide data.  The total bromide mass from the model simulation was 
within 3% of the mass measured at each station, as given in Table 8.  The calibration at 
 
 
Table 8.  Measured and simulated mass of bromide for August 2001 Valley Creek main 
stem tracer experiment. 
 
 
 
 
 
                                    
VC4 was better than at either VC5 or VC7.  There appears to have been a phase shift in 
the early model output relative to the measured bromide data at VC5.  At VC7 there 
appears to have been a change in the lateral inflow that was not captured by the model.  
Station Bromide, kg  
 Meas. Sim. % Difference 
VC4 8.34 8.28 0.72 
VC5 8.36 8.14 2.66 
VC7 8.67 8.82 1.73 
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Both of these discrepancies may be explained in part by an additional variation in the 
quarry pumping cycle before the start of monitoring.  Note that the early bromide cycles 
recorded at the downstream sampling stations reflect quarry input flows that had occurred 
before the upstream monitoring had begun.  The reach from VC1 to VC2 had a steady 
flow rate and constant bromide concentration making parameter estimation in this reach 
trivial.  The reach from VC2 to VC3 was a very short reach (100 m) to allow for an 
approximate point source input of the quarry discharge.  Parameter estimates for this 
reach had little impact on the model output at VC4, 1850 m downstream of VC3.   
Therefore, longitudinal dispersion, storage area, and exchange rate for the two most 
upstream reaches (VC1 to VC2 and VC2 to VC3) were assumed to be similar to the 
values for the reach from VC3 to VC4.   
 The final reach-average estimates of longitudinal dispersion (D), transient storage 
area (As/A) and exchange rate (α) for three reaches are given in Table 9 along with the 
Damkohler number calculated for each experiment.   The reach between VC4 and VC5 
had a much greater transient storage area and faster exchange rate than the other reaches 
of Valley Creek, most likely due to the presence of two dams (one 2.1 m high and one 0.9 
m high), a small riparian wetland, and an active millrace that diverted as much as 50% of 
stream flow through a channel with a slower velocity than Valley Creek.  All of these  
 
Table 9.  Reach average parameter estimates for August 2001 Valley Creek main stem 
experiment. 
     
 
                                                     
Reach D, m2/s As/A α, s-1 
VC3 - VC4 1.4 0.07 2.7E-04 
VC4 - VC5 0.5 1.3 1.0E-02 
VC5 - VC7 0.7 0.03 8.7E-06 
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are somewhat obscured by the fact that the period of the quarry pumping variation was 
rather short so that long tailing of each solute pulse could not be observed, and the model 
was very sensitive to the dispersion coefficient.   As shown in Table 10, adjusting D by a 
factor of two increased error by at least 13% in the upper reach, 58% in the middle reach 
and 186% in the lower reach.  The model appears to have had limited sensitivity to α in  
 
 
Table 10.  Sensitivity analysis results for August 2001 Valley Creek main stem  
experiment.  Values are the percent increase in error associated with increasing  
(decreasing) the parameter estimate by a factor of 2. 
  
 
 
 
 
 
 
 
 
 
the upper and lower reaches, where adjusting α by a factor of two increased the error by 
no more than 2.7%. In the middle reach the error estimate increased by at least 36% when 
α was adjusted by a factor of two.  The model also had limited sensitivity to As in the 
lower reach where a factor of two adjustment increased the error by no more than 1.2%.  
However, in the upper reach, increasing the value of As by a factor of two increased the 
error by 153%, while decreasing As by a factor of two increased the error by only 3.3%.  
The middle reach was the most sensitive to adjustment of As where a factor of two 
adjustment increased the error by at least 1300%.   
 This experiment was repeated in March, 2003 after the quarry pumping cycle was 
changed to a constant flow rate while the quarry was allowed to slowly fill with water.  
However, the experiment was modified to include an additional monitoring point.  This 
Reach D As α DaI 
VC3 - VC4 21 (13) 153 (3.3) 0.6 (1.5) 61.50 
VC4 - VC5 58 (64) 1300 (2800) 36 (42) 513.0 
VC5 - VC7 676 (186) 1.2 (0.2) 2.5 (2.7) 5.25 
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station was established at LeBoutelier Rd., between the Great Valley Grist Mill dam and 
the Mill Rd. dam.  Figure 28 shows this station labeled as VC4A as well as the location 
of the other monitoring stations used.  A comparison of the reaches used in August 2001 
and March 2003 is shown in Table 11. 
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Figure 28.  Valley Creek showing the location of the March 2003 tracer injection  
monitoring stations.  The black triangles upstream of the monitoring stations indicate 
where geologic faults intercept Valley Creek, and introduce bromide-contaminated 
groundwater to the stream.  
 
 
 
Stream flow was measured at the injection point (VC1), at the downstream end of 
the reach (VC7), in the quarry tributary (QT1), and in Little Valley Creek (LVC1).  The 
stream flow in Valley Creek increased from 0.4 m3s-1 at VC1 to 1.2 m3s-1 at VC7.  Flow  
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Table 11.  Comparison of Valley Creek main stem reaches monitored  
in 2001 and 2003. 
 
Date Reach Length, m 
VC3 –VC4 1660 
VC4-VC5 3240 
August 2001 
VC5-VC7 1640 
VC3-VC4 1660 March 2003 
VC4-VC4A 2150 
VC4A-VC5 1090 July 2003 
VC5-VC7 1640 
 
 
 
from the quarry tributary was 0.13 m3s-1 and flow from Little Valley Creek was          
0.43 m3s-1.  Background bromide concentration was 1.77 mgL-1 at VC1 and decreased 
steadily to 0.8 mgL-1 at VC7.  The bromide concentration in the quarry tributary was 0.34 
mgL-1 and there was no detectable bromide in Little Valley Creek.  The injection solution 
was composed of 6462 g of NaBr (5019 g Br-) dissolved in 24.39 L of stream water.  The 
solution was pumped into the stream at Church Rd. (VC1) for 63 minutes at a rate of 388 
mL min-1.  In-stream bromide concentrations were monitored at VC2, VC4, VC4a, VC5 
and VC7.  The observed solute breakthrough curves were modeled using the OTIS code.  
Figure 29 shows the observations and modeling results. As can be seen, the bromide 
pulse was modeled well at the first two stations.  However, only part of the rising limb 
was observed at VC4A and VC7, and the pulse was missed entirely at VC5.   
Because of these problems with the March 2003 experiment, the experiment was 
repeated under similar hydrological conditions in July 2003.  The injection point was 
moved downstream to just below the Great Valley Grist Mill dam (Figure 30) in order to 
maximize the ability to observe the entire pulse at VC5 and VC7.  Flow was measured 
and background samples were collected at the injection point, VC4A, VC5, LVC1 and  
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Figure 29.  March 2003 Valley Creek tracer injection results.  Symbols represent  
measured bromide concentrations and lines represent calibrated OTIS output. 
 
 
VC7.  Flow was steady during the experiment and varied longitudinally from 0.5 m3s-1 at 
the injection point to 1.1 m3s-1 at VC7.  Background bromide concentrations at the  
injection point, VC4A and VC5 were 0.63 mgL-1, 0.65 mgL-1 and 0.66 mgL-1.  The 
bromide concentration in Little Valley Creek (LVC1) was 0.05 mgL-1 and background 
bromide concentration as VC7 was 0.5 mgL-1.    Figure 31 shows the OTIS simulations 
for this experiment.  Good calibration was achieved at each monitoring station. 
 In order to compare the results of the 2003 experiments with the results of the 
2001 experiment, it was necessary to combine the 2003 experiments and calculate reach 
average values for reaches equivalent to those monitored in 2001.  For each parameter of 
interest (D, As/A and α), the value estimated for Reach VC4-VC4A in March 2003 was  
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Figure 30.  Valley Creek showing the location of the July 2003 tracer injection 
monitoring stations.  The black triangles upstream of the monitoring stations indicate 
where geologic faults intercept Valley Creek, and introduce bromide-contaminated 
groundwater to the stream.  
 
 
multiplied by the length of Reach VC4-VC4A.  Next, the value estimated for Reach 
VC4A-VC5 in July 2003 was multiplied by the length of Reach VC4A-VC5.    Finally, 
the sum of these two values was divided by the length of Reach VC4-VC5.  Table 12 
shows the estimates of dispersion (D, m2s-1), transient storage area (As/A) and exchange 
rate (α, s-1) for the 2003 reaches.  Figure 32 shows the stream flow rate and velocity for 
the 2001 and 2003 experiments.  Figure 33 compares the OTIS-derived parameter 
estimates from 2001 and 2003.  The flow conditions of 2001 were characterized by low  
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Figure 31.  July 2003 tracer injection results.  Symbols represent measured bromide 
concentrations and lines represent calibrated OTIS output. 
 
 
 
 
Table 12. Reach average parameter estimates (std. dev.) for 2003 Valley Creek  
 main stem experiments. 
 
Reach D, m2s-1 As/A α, s-1 DaI 
VC3-VC4 1.23 (5.20E-01) 5.04E-02 (7.89E-03) 1.71E-04 (1.14E-04) 23.5 
VC4-VC5 1.19 (3.69E-01) 1.63E-01 (1.45E-02) 1.40E-04 (1.88E-05) 18.1 
VC5-VC7 1.93 (2.61) 6.34E-02 (2.88E-02) 9.94E-05 (1.14E-04) 9.8 
 
 
flow rate, high temporal variability and low spatial variability induced by a regional 
drought.  In contrast, the conditions of 2003 were characterized by high flow rate, low 
temporal variability and high spatial variability (Figure 3 and Figure 32).   The impact of 
this change in conditions is discussed in detail in Chapter 6. 
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Figure 32.  Flow (A) and Velocity (B) measurements for the 2001 and 2003 Valley Creek 
tracer injections.  The reach from VC4 to VC5 was split into two reaches for the 2003 
experiments. 
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Figure 33.  Estimates of (A) dispersion (B) transient storage area and (C) transient 
storage exchange rate for 2001 and 2003 Valley Creek tracer injection experiments.  Note 
that the y-axis is a logarithmic scale. 
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5.2.1.2 Morehall Rd. Site 
Between October, 2001, and April, 2003, four solute tracer injection experiments 
were conducted at the Morehall Rd. site.  Figure 34 shows the location of the reach and 
monitoring stations.  The flow rate, background bromide concentration and peak bromide 
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Figure 34.  Morehall Rd. solute tracer monitoring locations. 
 
concentration at MR1 on the day of each experiment are given in Table 3.  Figure 35 
shows the measured bromide concentration and the calibrated OTIS output for each 
experiment.  Analytical precision of the bromide data determined through replicate 
analysis was ± 7.9% (0.04 mgL-1). In October 2001, the pulse was observed at MR1 and  
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Figure 35.  Morehall Rd. tracer injection results for A) October 2001; B) April 2002; C) October 2002; D) April 2003. Symbols 
represent measured bromide concentrations and lines represent calibrated OTIS output. 
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MR2.  In April 2002, the pulse was observed at the MR1, MR2 and MR4.   In September, 
2003 the pulse was observed at the MR1, MR2 and MR3.  Since MR2 and MR3 were  
separated by a 60 m highway box culvert, parameter estimates in this reach were trivial.  
In April, 2003 the bromide pulse was observed at MR1, MR2, MR4 and MR5.   
Transient storage and dispersion estimates, as well as the calculated Damkohler 
number from each experiment are shown in Table 13.  The Damkohler number was 
considered acceptable if it was within the range of 0.1 to 10.0 (Harvey and Wagner, 
2000).  At Damkohler numbers much larger that 10, the transient storage residence time 
is significantly higher than the hydraulic residence time of the surface stream in the 
reach. When this occurs, interaction between the surface stream and the transient storage 
zone will cause tailing of the solute tracer that is similar to tailing caused by dispersion.  
When the Damkohler number is much less than 0.1, very little tracer has entered the 
storage zone and the storage zone area and exchange rate cannot be easily determined.   
 
Table 13.  Reach average parameter estimates (std. dev.) for Morehall Rd. 
 
Date Reach D, m2s-1 As/A α, s-1 DaI 
October 
2001 
MR1-MR2 6.67E-02 
 
1.48E-01 
(6.88E-02) 
2.23E-04 
(1.20E-04) 
5.99 
MR1-MR2 1.82E-01 
 
3.28E-02 
(3.26E-02) 
2.98E-05 
(2.69E-05) 
2.95 April 
2002 
MR2-MR4 1.80E-01 
 
2.69E-02 
(2.81E-02) 
2.07E-05 
(2.17E-05) 
13.40 
October 
2002 
MR1-MR2 9.53E-02 
 
1.70E-01 
(1.80E-02) 
1.81E-04 
(2.37E-05) 
4.84 
MR1-MR2 3.06E-01 1.53E-01 
(2.98E-02) 
5.86E-04 
(7.26E-05) 
4.50 
MR2-MR4 5.96E-01 8.04E-02 
(1.49E-02) 
1.38E-04 
(5.32E-05) 
8.33 
April 
2003 
MR4-MR5 3.16E-02 4.96E-01 
(2.46E+08) 
1.85E-10 
(2.91E-05) 
7.23E-07 
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Most of the experiments at Morehall Rd. have an acceptable Damkohler number.  The 
values for the MR2-MR4 reach were slightly high.  While a shorter reach length would 
have reduced the Damkohler number, this was not possible because of lack of permission 
to access the property.  The value for the MR4-MR5 reach was exceptionally low.  This 
reach was generally a clay or mud substratum overlain by sand, silt and gravel.  While a 
longer reach would have increased the Damkohler number, Little Valley Creek flows into 
a pipe and under a steel mill just downstream of MR5.   
 The transient storage area (As/A) and exchange rate (α) increased with both 
velocity and flow in the reach from MR2 to MR4.  At UMV (MR1-MR2) there was no 
relationship between As/A and either flow or velocity and while the exchange rate (α) 
generally increased with both stream velocity and flow, the value for April 2002 was a 
notable exception.  The cause of this exception, as well as the lack of relationship 
between As/A and either flow or velocity, was a significant increase in the f<50 of the fine 
sediment.  This is discussed further in Section 6.1.2.   
  
5.2.1.3 Sheldrake Rd. Site 
Between August, 2001, and April, 2003, five solute tracer injection experiments 
were conducted at the Sheldrake Rd. site.  Figure 36 shows the location of the reach and 
monitoring stations.  Relevant design data are shown in Table 4, including flow rate, 
background bromide concentration and peak bromide concentration at SH1 on the day of 
each experiment.  Figure 37 shows the measured bromide concentration and the  
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Figure 36.  Sheldrake Rd. solute tracer monitoring stations. 
 
 
calibrated OTIS output for each experiment.  The analytical precision of the bromide data 
determined through replicate analysis was ± 9.6% (0.05 mgL-1).  In April 2001, the pulse 
was observed at SH2, SH3 and SH4.  In August 2001 and October 2001, the pulse was 
observed at the SH1, SH2, SH4 and SH5.   In June 2002, October 2002 and April 2003, 
the pulse was observed at the SH1, SH2, SH4, SH5 and SH6.   
Transient storage and dispersion estimates, as well as the calculated Damkohler 
number from each experiment are shown in Table 14.  Most experiments had a 
Damkohler number between 0.1 and 10.  The highest Damkohler numbers were observed 
in Reach SH2-SH4 in October 2001 (11.5) and October 2002 (15.4).  The Damkohler 
numbers for Reach SH1-SH2 in October 2002 and SH5-SH6 in April 2003 were very 
low.  The combination of stream velocity, exchange rate and storage area size were such 
that very little tracer entered the transient storage zone.  These data were not used in 
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Figure 37.  Sheldrake Rd. tracer injection results for A) August 2001; B) October 2001; C) June 2002; D) October 2002; E) April 
2003.  Symbols represent measured bromide concentrations and lines represent calibrated OTIS output. 
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Table 14.  Reach average parameter estimates (std. dev.) for Sheldrake Rd. 
 
Date Reach D, m2s-1 As/A α, s-1 DaI 
SH1-SH2 1.81E-02 6.42E-02 
(7.97E-02) 
1.03E-04 
(1.60E-04) 
0.57 
SH2-SH4 2.24E-02 2.67E-01 
(7.24E-02) 
1.41E-04 
(4.59E-03) 
0.97 
August 
2001 
SH4-SH5 2.24E-01 2.77E-02 
(3.07E-02) 
1.32E-05 
(2.60E-03) 
1.12 
SH1-SH2 3.66E-02 3.25E-01 2.42E-04 1.65 
SH2-SH4 1.87E-03 1.33E-01 9.00E-03 11.50 
October 
2001 
SH4-SH5 3.92E-02 5.08E-01 6.35E-04 5.09 
SH1-SH2 5.90E-02 3.14E-01 
(9.42E-02) 
1.92E-04 
(3.95E-05) 
0.50 
SH2-SH4 6.5E-02 4.47E-01 
(5.71E-02) 
1.36E-04 
(1.11E-05) 
1.16 
SH4-SH5 6.1E-02 3.46E-01 
(1.35E-01) 
7.17E-05 
(1.43E-05) 
0.45 
June 
2002 
SH5-SH6 8.38E-01 3.04E+00 
(7.40E+00) 
3.77E-05 
(8.81E-06) 
 
0.28 
SH1-SH2 3.00E-02 4.07E-01 3.39E-06 5.62E-03 
SH2-SH4 2.81E-01 2.11E-01 1.70E-03 15.40 
SH4-SH5 2.22E-03 1.51E-03 3.06E-07 0.37 
October 
2002 
SH5-SH6 7.10E-01 1.46 3.46E-05 0.36 
SH1-SH2 4.98E-01 1.72E+01 6.34E-04 0.16 
SH2-SH4 1.07E-01 
 
1.38E-01 
(1.63E-02) 
1.25E-04 
(1.62E-05) 
1.11 
SH4-SH5 1.19E-01 
 
1.41E-01 
(2.01E-02) 
9.29E-05 
(1.45E-05) 
1.00 
April 
2003 
SH5-SH6 1.30E+01 1.89E+01 1.52E-06 5.15E-03 
 
 
further data analysis.  No relationships were observed between As/A and stream flow or 
velocity. No relationships were observed between α and stream flow or velocity.   
 
5.2.2 Bed Sediment Characteristics 
 The size distribution of fine grained sediment, which is defined as sediment which 
will pass through a 2 mm sieve, the depth of unconsolidated bed sediment and the wetted 
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stream width were monitored throughout the course of this study at each of several 
locations as shown in Figure 38.  The samples were collected according to the schedule 
shown in Table 5. 
 
 
!P
!P
!P
!P
!P
Sta 11
Sta 12 UMV
MDS
Sheldrake Rd
Sta 5
Sta 4
Sta 3
!P
!P
!P
.0 2.5 51.25 Kilometers
 
Figure 38.  Bed sediment sampling locations. 
 
 
5.2.2.1 Valley Creek/Little Valley Creek 
Three stations were located on Valley Creek and two were located on Little 
Valley Creek.  The stations were chosen from a set of 15 fish and invertebrate sampling 
stations.  The stations were chosen for their geographic distribution in order to monitor 
the changes in bed sediment characteristics in the headwater and near the mouth of 
Valley Creek and Little Valley Creek, the largest tributary.  The fine sediment grain size 
distribution for each station is shown in Figure 39.  A typical cross section for each of 
these five stations is shown in Figure 40.  
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Figure 39.  Fine sediment grain size distribution for 3 stations in Valley Creek (Sta. 3, 
Sta. 4, Sta. 11) and 2 stations in Little Valley Creek (Sta. 5, Sta. 12).  Y-axis is mass 
fraction of sediment with A)  2000 µm > d > 75 µm, B) 75 µm > d > 50 µm (note change 
in scale), and C) d < 50 µm. 
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Figure 40. Typical cross sections looking downstream at Valley Creek/Little Valley 
Creek sediment stations.  
 
 
-1.0
-0.5
0.0
0.5
1.0
1.5
0 5 10 15
meters
meters Station 12
-1.0
-0.5
0.0
0.5
1.0
1.5
0 5 10 15
meters
meters Station 11
-0.5
0.0
0.5
1.0
1.5
0 5 10 15
meters
meters Station 5
-0.5
0.0
0.5
1.0
1.5
0 5 10 15
meters 
meters
-0.5
0.0
0.5
1.0
1.5
0 5 10 15
meters
meters Station 3 Station 4 
108
  
The majority of the fine (d < 2mm) sediment was in the f<2000 size fraction for all 
samples.  Stations 11 and 12 always had a greater f<50 content than the other three 
stations.  These two stations were quite different from the other three stations.  Little 
Valley Creek at Station 12 flowed only intermittently.  Station 11 was located in a bend 
in the stream with a deep, slow moving pool.  The other three stations are located in 
straight reaches that were always flowing during the study period.  
Mean sediment depth measured at each station is shown in Figure 41.  There were 
significant downward trends in sediment depth at Station 12 (r2= 0.79, p = 0.005) and 
Station 5 (r2=0.68, p = 0.007) and a significant upward trend at Station 4 (r2=0.45, 
p=0.04).  There was no significant trend in sediment depth at either Station 3 or Station 
11.  However, if the January 2003 data point at Station 11 is removed, there is a slight 
downward trend at this station as well (r2= 0.48, p=0.08).  The upward trend at Station 4 
may be due to construction work that occurred in April 2002 on a road bridge located 
approximately 15m upstream of the sediment station.  After the construction, a significant 
amount of sand was observed in the stream bed under and just downstream of the bridge.  
In addition, the f<50 of the fine sediment increased dramatically in April 2002.  Over the 
course of the study, the sand may have moved slowly downstream increasing the depth of 
sediment at the measuring station.   
Stations 5 and 12 are located at the mouth and headwater of Little Valley Creek, 
respectively.  Both of these stations showed much stronger decreasing trends than did 
Station 11.  In all three cases however, the reduction may be related to the drought 
conditions under which the study was conducted.  As shown in Figure 2, the flow in 
Valley Creek was well below normal from April 2001 through October 2002.  Under  
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Figure 41.  Mean sediment depth at the Valley Creek/Little Valley Creek sediment 
stations. 
 
 
 
these conditions, two processes may result in less stream sediment.  First, the lower flows 
would result in less bank erosion.  Second, drought conditions would result in less runoff 
and less sediment being carried into the stream.  With less sediment supplied to the 
channel, the stream has more capacity to move excess sediment in the bed.  
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 5.2.2.2 Morehall Rd. Site 
The fine sediment grain size distributions measured at UMV (the upper 90 m of 
the reach) and MDS (collected between 770 m and 812 m downstream of the injection 
point) are shown in Figure 42.   The majority of fine sediment at the Morehall Rd. site 
was in the f<2000 size class.  However, there was a clear and dramatic increase in the f<50 
of the bed sediment at UMV in April, 2002.  The f<50 of the sediment returned to near its 
original value by April 2003.  At MDS, the f<50 of the fine sediment was clearly greater in 
April 2003 than in October 2002 and the f<2000 of the fine sediment was clearly less in 
April 2003 than in October 2002.  However, only the f<75 had a statistically significant 
trend (increasing) with time (r2=0.93, p = 0.02).  The f<75 fraction also had a strong 
statistical relationship with the mean monthly flow measured at the USGS gage (r2=0.99, 
p=0.003). 
Figure 43 shows the sediment depth measured at UMV and MDS.  Sediment 
depth at UMV had a decreasing trend over the entire reach (r2=0.63, p=0.07) and over 
the lower 100 m (r2=0.69, p=0.05).  However, there was no statistical temporal trend in 
sediment depth in the upper 75 m.  At MDS, there was no temporal trend in sediment 
depth. The sediment depth was on average 2.45 times deeper at MDS than at UMV.  
There was a thin layer of gravel, sand and silt over a deeper clay or mud bed in the upper 
40 m of MDS.   
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Figure 42.  Fine sediment grain size distribution at A) Morehall Rd. -- UMV and  
B) Morehall Rd. – MDS.  f<2000 is the fraction of sediment with 2000 µm > d >75 µm. 
f<75 is the fraction of sediment with 75 µm > d > 50 µm.  f<50 is the fraction of sediment 
with d < 50 µm. 
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Figure 43.  Mean sediment depth at A) Morehall Rd. -- UMV and B) Morehall Rd. -- 
MDS. 
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 5.2.2.3 Sheldrake Rd. Site 
 The fine sediment grain size distribution was measured at the Sheldrake Rd. site 
and is shown in Figure 44.  The f<50 of the fine sediment decreased from 11.5% in August 
2001 to 9.9% in October 2001.  It remained at 9.9% through October 2002 and then 
increased to 13.6% in April 2003.    There was a strong and statistically significant 
relationship between the f<50 of the fine sediment and the stream flow measured at 
Sheldrake Rd. (r2=0.68, p=0.03).  Though not statistically significant, the trend of f<50 
mirrored the mean monthly flow of Valley Creek as measured at the USGS gage (Figure 
2).  However, the f<50 of the fine sediment was very strongly related to the mean flow of 
Valley Creek when the mean flow was calculated for the period between each experiment 
(r2= 0.83, p=0.007).  While not conclusive proof, this is strong evidence that high flows 
bring sediment into the stream and low flows slowly remove sediment over time.   
Sediment depth at Sheldrake Rd. showed no long term temporal trends as can be 
seen in Figure 45.  Sediment in this reach was primarily large flat cobbles.   
 
5.3 Phosphorus Uptake Dynamics 
 Phosphorus uptake dynamics were measured in the laboratory using 
sediment samples and in situ at the Morehall Rd. and Sheldrake Rd. site. All laboratory 
phosphorus uptake results shown are for 24-hour experiments conducted with a 1 µm 
increase in background phosphorus concentration.  In addition to sediment grain size, the 
chemical constituents (phosphorus, aluminum, iron, magnesium and calcium) and organic 
matter content of the sediment have been shown to play important roles in abiotic 
phosphorus uptake (Meyer, 1979; Klotz, 1988; Klotz 1991; Borůvka and Rechcigl, 2003;  
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Figure 44.  Fine sediment grain size distribution at Sheldrake Rd. f<2000 is sediment 
fraction with 2000 µm > d > 75 µm.  f<75 is sediment fraction with 75 µm > d > 50 µm.  
f<50 is sediment fraction with d < 50 µm. 
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Figure 45.  Mean sediment depth at Sheldrake Rd from SH1 to SH5 (upper 238 m). 
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Pant et al., 2002).  The chemical constituents and organic matter content of the bed 
sediment were measured throughout the course of this work, in accordance with the 
schedule shown in Table 15.  The schedule for grain size distribution of the fine sediment 
was shown in previously in Table 2 and discussed in Section 5.2.2.   
 
Table 15.  Schedule of sediment experiments.  C-sediment chemistry, PL -Laboratory         
phosphorus uptake, PI-In situ phosphorus uptake. 
 
 Morehall Rd  
Date UMV MDS Sheldrake Rd 
April 2001  C C 
June 2001 C   
August 2001   C, PL, PI 
October 2001 C, PL, PI C, PL C, PL, PI 
April 2002 C, PL, PI C, PL  
June 2002   C, PL, PI 
October 2002 C, PL C, PL C, PL, PI 
April 2003 C, PL, PI C, PL C 
 
 
 
Results of the laboratory and in situ phosphorus uptake experiments are shown in 
Figure 46.  The phosphorus uptake measured in situ was several orders of magnitude 
greater than that measured in the laboratory.  This was due in part to the fact that only 
benthic uptake was measured in the laboratory.  In addition, the laboratory phosphorus 
experiments discussed herein were conducted using a shaker table set at 50 rpm.   
Experiments in which the sediment is stirred or shaken vigorously will result in faster 
uptake rates.  Finally, the laboratory experiments may also have been light limited 
because the incubators provided approximately 35 µmol m-2 s-1 of photosynthetically 
active radiation (PAR) while field measured PAR levels were typically greater than  
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Figure 46.  Phosphorus uptake rates for: A) Sheldrake Rd. B) Morehall Rd. -- UMV and 
C) Morehall Rd. -- MDS. Laboratory results are shown on the left and in situ results are 
shown on the right.  There were no in situ phosphorus uptake measurements made at 
MDS. 
 
 
200 µmol m-2 s-1.  So, while the absolute phosphorus uptake rates are not comparable, the 
trends are comparable.  Note that there are no in situ phosphorus uptake data for MDS 
since it is located some 770 m downstream of the injection point and there would be no 
measurable increase in phosphorus at this point.  The measured sediment phosphorus  
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content, metals content and organic matter content are shown in Figure 47.  The water 
column phosphorus concentrations are shown in Figure 48. 
 
 
Sediment P                       Sediment Metals            Sediment Organic Matter                      
(µM mg-1)                              (mg g-1)                                        (%) 
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Figure 47.  Sediment chemical constituents and organic matter content for  
A) Sheldrake Rd. B) Morehall Rd. -- UMV and C) Morehall Rd. -- MDS. 
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Figure 48.  Water column phosphorus concentration. 
  
5.3.1 Morehall Rd. Site 
 At UMV, only the total organic matter content of the sediment exhibited a 
temporal trend (r2=0.89, p=0.04), decreasing over the course of this study from 7.1% in 
October 2001 to 4.8% in April 2003.  While other researchers (Meyer, 1979; Klotz, 1988) 
have noted a relationship between organic matter content and phosphorus uptake, no 
relationship was observed at UMV.  This may be due to the significant increase in f<50 of 
the fine sediment playing an overwhelming role in phosphorus uptake at this site.  As 
noted in Section 5.2.2.2, at UMV, there was a four-fold increase in the f<50 of the fine 
sediment between October 2001 and April 2001.  The f<50 slowly returned to near its 
original value by April 2003.  The phosphorus concentration of the sediment, as seen in 
Figure 47B, followed the same pattern as the change in f<50 of the fine sediment.  The f<50 
of the fine sediment and sediment phosphorus concentration were highly correlated 
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(r2=0.97, p<0.002).  Changes in the phosphorus uptake rate mirrored the changes 
observed in the f<50 of the fine sediment and sediment phosphorus concentration.   
Multiple linear regression analysis was performed using the statistical software package 
JMP 4.0.4.  When all of the sediment chemical constituents, organic matter content, water 
column phosphorus concentration and the f<50 of the fine sediment were considered 
together, only the f<50 of the fine sediment was significantly correlated with the total 
laboratory phosphorus uptake rate (r2= 0.96, p = 0.01) and with the in situ phosphorus 
uptake rate (r2=0.99, p=0.01).     
At MDS, changes in the sediment characteristics were less dramatic.  There were 
significant temporal trends in the sediment concentrations of magnesium (r2=0.83, 
p=0.005) and calcium (r2=0.78, p=0.03).  The concentration of both cations increased 
steadily over the time period of the study.  The laboratory-measured phosphorus uptake 
also had a significant temporal increasing trend for both total uptake (r2=0.9, p=< 0.04) 
and abiotic uptake (r2=0.91, p=0.03).   In addition, phosphorus uptake was significantly 
correlated with the magnesium and calcium content of the sediment as shown in Table 
16.  No other parameters or combination of parameters appeared to be significantly 
correlated with phosphorus uptake at MDS.  An examination of Figure 46C shows that 
the biotic uptake rate, estimated as the total uptake minus the abiotic uptake, was 
approximately 1.9 x 10-5 s-1 in October 2001 and April 2002.  However, by October 2002, 
the biotic uptake rate had decreased to 1.4x10-5 s-1 and by April 2003 it was just            
7.8 x 10-6 s-1 indicating that the benthic community biological activity was depressed.   
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Table 16.  Phosphorus uptake regressions at Morehall Rd—MDS. 
 
 Total P 
Uptake, s-1 
Abiotic P 
Uptake, s-1 Ca, mg g-1 Mg, mg g-1 
Time r2=0.9, 
p=0.033 
r2=0.91, 
p=0.03 
r2=0.78, 
p= 0.03 
r2=0.93, 
p= 0.005 
Ca, mg g-1 r2=0.88, 
p=0.04 
r2=0.79, 
p=0.07 
  
Mg, mg g-1 r2=0.99, 
p=0.006 
r2=0.99, 
p=0.005 
  
 
5.3.2 Sheldrake Rd. Site 
The phosphorus uptake results at Sheldrake Rd. (Figure 46A) appear to have 
much more scatter than what was observed at UMV.  However, the range in the 
phosphorus uptake rate measured at Sheldrake Rd. was approximately a factor of 5, 
whereas at UMV, the range in the phosphorus uptake rate was a factor of 100.  There was 
no long term temporal trend in either the in situ phosphorus uptake rate or in the total 
laboratory uptake rate.  However, contradictory seasonal patterns appeared.  The in situ 
phosphorus uptake rate decreased from a high in the spring to a low in the summer and 
rebounded in the fall.  The stream temperature varied within a narrow range of 11°C and 
15°C (Table 4) with no seasonal pattern observed and all experiments were conducted 
after leaf out in the spring and before leaf fall in the autumn.  Total phosphorus uptake 
rates measured in the laboratory decreased throughout the year from a high in the spring 
to a low in the fall.   The contradictory patterns may be due to light limitation playing a 
greater role in the fall experiments.  Abiotic phosphorus uptake measured in the 
laboratory had a significant temporal trend (r2= 0.55, p < 0.1).    
The f<50 of the fine sediment and the sediment phosphorus concentration at 
Sheldrake Rd. did not exhibit the dramatic change observed at UMV (compare Figure 44 
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with Figure 42A and Figure 47A with Figure 47B).  The water column phosphorus 
concentration (Figure 48) exhibited the greatest change over the course of the study, 
decreasing from 32.8 µgL-1 in August 2001 to 10.6 µgL-1 in June 2002 and then 
increasing to 29.6 µgL-1 in April 2003.  This change in water column phosphorus 
concentration was significantly related to the change in the f<50 of the fine sediment 
(r2=0.52, p=0.1).  The organic matter, phosphorus, and iron content of the sediment 
showed no significant temporal trends. The aluminum content increased over time 
(r2=0.93, p=<0.006), while the magnesium content (r2=0.72, p=<0.05) and the calcium 
content (r2= 0.88, p=<0.02) decreased over time.   
Relationships between the measured parameters were examined using simple 
linear regression and multiple linear regression within the JMP4.0.4 software package.  
The total phosphorus uptake measured in the laboratory was significantly correlated only 
with the f<50 of the fine sediment of the stream bed (r2=0.67, p=0.05). Abiotic uptake was 
significantly correlated only with the aluminum content of the sediment (r2= 0.6, p=0.08).  
In situ uptake had no significant correlation with any single parameter.  However, when 
all of the sediment chemical constituents, organic matter content, water column 
phosphorus concentration and the f<50 of the fine sediment were considered together, a 
linear relationship (r2= 0.96, p=0.13) was found between the in situ phosphorus uptake 
rate and the f<50 of the fine bed sediment, the aluminum content of the fine bed sediment 
and the transient storage exchange rate.  In the absence of the transient storage exchange 
rate, the relationship had an r2 = 0.38 and p=0.62.  These relationships suggest that the 
transient storage exchange rate played a key role in controlling phosphorus uptake at the 
Sheldrake Rd. site. 
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5.4 Community Metabolism 
Gross primary productivity (P), community respiration (R), and community 
metabolism (P/R) were estimated from diurnal dissolved oxygen measurements at two 
stations in each reach.  Measurements were made at Morehall Rd. (UMV and MDS) and 
at Sheldrake Rd.  Table 6a shows the dates of these measurements.   
 
 5.4.1 Morehall Rd. Site 
 Figure 49 shows the gross primary productivity, community respiration and 
community metabolism of the Morehall Rd. site calculated from the dissolved oxygen 
and temperature data.  This stream was heterotrophic as evidenced by the community 
metabolism which ranged from a high of 0.15 in October 2001 to a low of 8.4x 10-3 in 
June 2002.  Community metabolism was significantly correlated to the in situ phosphorus 
uptake rate (r2=0.95, p=0.10).   
Gross primary productivity at UMV was from one to three orders of magnitude 
less than respiration and decreased from 1.6 x 10+4 mg O2 m-2 d-1 in October 2001 to 1.9 
x 10+2 mg O2 m-2 d-1 in June 2002, and increased again to 4.7 x 10+4 mg O2 m-2 d-1 in 
April 2003. The gross primary productivity rate and community respiration rate were not 
statistically correlated with the phosphorus uptake rate at UMV. This was not surprising 
given the small data set (only 3 in situ phosphorus experiments).  However, there were 
distinct patterns in both productivity and respiration which mirrored that observed in 
phosphorus uptake and f<50 of the fine sediment.  The gross primary productivity in the 
reach decreased by two orders of magnitude, respiration decreased by a factor of seven 
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and the phosphorus uptake rate decreased by two orders of magnitude as the f<50 of the 
fine bed sediments increased from 6% to 25%,.  The productivity, respiration and 
phosphorus uptake rates then increased as the f<50 of the fine sediment returned to its' pre-
disturbance value.    
  At MDS, gross primary productivity remained essentially constant 
through the study period.  Respiration exhibited some seasonal trends with higher values 
in the spring and lower values in the summer.  Thus community metabolism in this 
heterotrophic stream was higher in the summer (0.23) and lower in the spring (0.04 – 
0.14). 
 
 5.4.2 Sheldrake Rd. Site 
 Gross primary productivity at Sheldrake Rd. was much lower than that observed 
at Morehall Rd.  Figure 50 shows the gross primary productivity, community respiration 
and community metabolism at Sheldrake Rd.  While there appeared to be an increasing 
trend in respiration (r2=0.53, p=0.06) and community metabolism (r2=0.44, p=0.09) in 
this reach, the trends held only because of the very high values observed in the winter and 
spring of 2004.  Gross primary productivity was 1.5 to 3 orders of magnitude less than 
respiration in this reach indicating the highly heterotrophic nature of this stream.   
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Figure 49.  Morehall Rd.  (A) gross primary productivity, (B) community respiration and 
(C) community metabolism. 
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Figure 50.  Sheldrake Rd. (A) gross primary productivity, (B) community respiration and 
(C) community metabolism.  
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6: DISCUSSION 
 
6.1 Solute Transport and Storage  
 6.1.1 Valley Creek Main Stem 
 Urbanization is an ongoing process in Valley Creek watershed.  Over the time 
period of this study, however, there was very little change in the amount of built land for 
Valley Creek watershed as a whole.  The amount of vacant residential and commercial 
land was reduced from 18.3% of the watershed to 17.4% of the watershed between 
December 2001 and May 2003.   It is likely that the rate of change in built land in Valley 
Creek watershed was such that a much longer time period of study was needed to observe 
measurable impacts on a watershed scale.  In addition, there was an extended drought 
during part of this study which may have had a significant impact on the solute transport 
and storage characteristics of Valley Creek.     
 Figure 3 shows mean monthly flow for Valley Creek during the period of this 
study normalized to the historic mean monthly flows.  Mean monthly flow in Valley 
Creek fell below historic values in April 2001.  By August 2001, the Commonwealth of 
Pennsylvania had declared a drought watch for Chester County.  A drought warning was 
issued by the Commonwealth in November 2001 and a drought emergency was declared 
by the Commonwealth in February 2002.  Mean monthly flow remained below historic 
values until October 2002.  The drought emergency was downgraded to a drought watch 
in December 2002 and the drought watch was lifted in January 2003 (Chester County 
Water Resources Authority, August 2001; January 2003; February 2003).      
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 An examination of the solute transport experiments (Figures 32 and 33) in the 
main stem of Valley Creek revealed a distinct difference between the results for 2001 and 
2003.  The variability in inter-reach parameter estimates was much greater in 2001 than 
2003.  The spatial variability in stream flow and velocity was lower in 2001 than in 2003.   
In 2001, the transient storage area (As/A) in the middle reach (VC4-VC5) was an 
order of magnitude greater than that observed in either the upper reach (VC3-VC4) or the 
lower reach (VC5-VC7).  The exchange rate (α) in VC4-VC5 was one to two orders of 
magnitude greater than that observed in either VC3-VC4 or VC5-VC7.  As explained in 
Section 5.2.1.1, the large values observed in VC4-VC5 are indicative of surface storage 
zones caused by two dams, a riparian wetland and an active mill race.  In 2003, under 
higher flow conditions, the impact of these surface channel features was reduced such 
that  As/A in VC4-VC5 was only three times greater than that observed in either VC3-
VC4 or VC5-VC7, and the value of α  for VC4-VC5 was 0.8 times the value estimated 
for VC3-VC4 and 1.4 times larger than that estimated for VC5-VC7.     
Comparing VC3-VC4 and VC5-VC7, it can be seen that both As/A and α were 
greater in the upper reach (VC3-VC4) than in the lower reach (VC5-VC7) under the low 
flow conditions of 2001.  Under the higher flow conditions of 2003, α again decreased 
from VC3-VC4 to VC5-VC7, but As/A showed little change (from 0.05 to 0.063) 
between these two reaches.  Morrice et al. (1997) examined streams with flows varying 
over two orders of magnitude and found As/A decreased with flow while α increased 
with flow, and suggested that sediment grain size and hydraulic conductivity strongly 
influenced transient storage.  D’Angelo et al. (1993) examined results from studies in 
which discharge varied by three orders of magnitude and velocity varied by a factor of 
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six.  These results indicate that transient storage area decreased with stream size and 
velocity while exchange rate increased with flow and velocity.  Wörman et al. (2002) and 
Salehin et al. (2003) examined a stream in which velocity varied by only a factor of two 
and found that the exchange rate varied with the square of the stream velocity, and that 
stream morphology and sediment characteristics were also important controls on transient 
storage.   
  In Valley Creek, the temporal velocity variation during the 2001 experiment was 
quite large (39% increase in velocity associated with a 54% increase in flow over a 3.25 
hour period) while the spatial velocity variation was quite small (6.5% increase in 
average velocity associated with a 50% increase in average flow from the upper reach to 
the lower reach).  In 2003, the discharge at the USGS gage varied by only 10% over the 
course of the experiment.  The spatial variation in flow and velocity was twice that 
observed in 2001.  The flow increased from 0.56 m3s-1 to 1.22 m3s-1 (116%) over the 
length of the experimental reach, while the mean stream velocity increased from         
0.25 ms-1 to 0.28 ms-1 (11%).  Given the narrow range in flow and velocity both between 
experiments and between reaches for each experiment, it was not surprising that the 
trends found by Morrice et al. (1997) and D'Angelo et al. (1993) did not appear to hold 
fully in Valley Creek.  It may be that differences in surface water impoundments and 
sediment characteristics between reaches had a relatively greater influence on solute 
transport than did the change in velocity.   
The relative influence of the water impoundments and sediment characteristics 
versus the stream velocity can be assessed using the method of Wörman et al. (2002).   In 
that work, the authors related hyporheic residence time to changes in channel 
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characteristics and stream velocity based on the theory for bedform-induced hyporheic 
exchange.  Equations 14 and 15 show the relationship between geomorphology, stream 
flow and residence time.   
                                                                                                                             (14) 
  
                                         (15) 
 
 if            
 
            if   
 
where,               
HRT is the hyporheic residence time (
A
As
α ), s 
K is hydraulic conductivity, ms-1 
h is stream depth, m 
db is depth of bed sediment, m 
λ is the wave length of the bedform, m 
Fr is the Froude number (
gh
u ) 
H is the bed form height, m             
 
The first two terms on the right side of Equation 14 are a function of channel 
characteristics.  The third term accounts for changes in stream velocity.  Thus, residence 
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time, when scaled by hydraulic conductivity and stream depth, is linearly related to the 
square of the stream velocity.  The slope of this relationship is the net effect of stream 
geomorphology.   Figure 51 shows this relationship for the main stem Valley Creek 
experiments conducted in 2001 and 2003.  Note that data were not readily available to  
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Figure 51.  The relationship between stream velocity and transient storage retention time 
in the main stem of Valley Creek. 
 
 
 
calculate the hydraulic conductivity for any of the reaches examined in this study.  The 
sediment collection methodology was not appropriate for determining grain size  
distribution for sediment larger than 2 mm.  Therefore, hydraulic conductivity was 
estimated from the d10 of the fine sediment (i.e. with d < 2mm) according to Equation 16, 
which is based on Hazen's empirical relationship between hydraulic conductivity and 
sediment grain size.   
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2
10 fAdK =          (16) 
The value of A is 0.1 when d10f is expressed in mm and K in m s-1.   
In Figure 51, the slope of the relationship for reach VC5-VC7 is much steeper 
than the slope of the relationship for reach VC3-VC4, indicating that these two reaches 
have distinctly different channel characteristics.  Also, the data for reach VC5-VC7 for 
the 2001 experiment falls on the same slope as the data for reach VC5-VC7 for the 2003 
experiments.  This indicates that the channel characteristics of reach VC5-VC7 did not 
change between 2001 and 2003.  The same was true for reach VC3-VC4.  This trend was 
consistent with morphological characteristics measured from USGS maps.  The stream 
slope decreased from 0.47% in VC3-VC4 to 0.27% in VC5-VC7 and sinuosity decreased 
from 1.33 in VC3-VC4 to 1.11 in VC5-VC7.  Kasahara and Wondzell (2003) found a 
direct relationship between sinuosity and hyporheic exchange flow.  When sinuosity was 
reduced from 1.33 to 1.0 in their model of an unconstrained reach of Lookout Creek, 
hyporheic exchange flows were reduced by 12%.  Wooldridge and Heckin (2002) found a 
statistically significant relationship between stream bed slope and bedform size 
(wavelength and height) in a small mountain stream of British Columbia, Canada.  The 
steeper upper reach of their study area had a smaller mean bedform wavelength and 
shorter mean bedform height than the less steep lower reach.  The differences observed 
between the upper and lower reach of Valley Creek were consistent with the findings of 
these researchers.   
Changes in parameter estimates for the VC4-VC5 reach were quite different.  In 
fact, this middle reach appeared to fall along the same slope as the upper reach in 2001 
and on the slope of the lower reach in 2003.  Under low flow conditions, Figure 51 
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suggests that the channel characteristics more closely resembled those of VC3-VC4, 
which is consistent with the USGS topographic map data (slope = 0.28%, sinuosity = 
1.23).  Under high flow conditions, the channel characteristics of VC4-VC5 appear to 
have changed and more closely resembled those of the VC5-VC7.  This change was 
likely a function of larger pools behind the two dams, riparian wetland at one dam and 
the active mill race, all of which impact transient storage behavior and channel 
characteristics.  Because of the uncertainty in the estimate of K, Figure 52 shows a plot of 
Equation 14 with K incorporated into the slope.  The general trends still held, though 
changes in the VC4-VC5 reach did not appear as great.   
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Figure 52.  The relationship between stream velocity and transient storage retention time 
for the main stem of Valley Creek, with K incorporated into slope of the relationship. 
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Additional uncertainty occurred due to the model’s lack of sensitivity to changes 
in As and α.  Large variations in these two parameters resulted in only minor increases in 
the total estimated error, defined as the sum of the squares of the difference between the 
model-estimated bromide concentration and the measured bromide concentration (Table 
10).   This lack of sensitivity reflects the use of a natural tracer in a highly urbanized 
system in which the researcher has only limited control over important design criteria, 
such as reach length and the temporal variation in the tracer concentration signal (Harvey 
and Wagner, 2000).   
 Several assumptions used in OTIS, including the requirement that dispersion, 
transient storage area, and exchange rate be taken as steady input parameters over a given 
reach, hindered calibration and contributed to the model’s lack of sensitivity in 2001.  
Each of these parameters varied with time due to the unsteady stream flow.  The 
importance of the variable exchange rate can be seen in an examination of the calibration 
curves (Figure 27).  Where bromide concentration was at a maximum, the stream flow 
rate was at a minimum, and vice versa.  The calibration curve was most influenced by 
exchange rate in these two areas (Harvey and Wagner, 2000), indicating that the 
calibration curve was more influenced by the upper and lower limits of the exchange rate 
than the average value.  Because of the nonlinear variation of exchange rate with stream 
velocity, the average α over a flow cycle would not be expected to be the same as the 
α obtained from the average velocity.  
In the only other published use of OTIS with unsteady flow, Runkel et al. (1998) 
indicated that variation of storage parameters with flow or velocity was not an issue in 
Huey Creek, an Antarctic stream with course alluvial substrata.  In the Huey Creek 
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system, transient storage was dominated by rapid hyporheic exchange down to a depth 
constrained by permafrost and, therefore, parameter estimates obtained from OTIS may 
not be sensitive to the velocity variations.  In contrast, the temporal velocity variations 
observed in Valley Creek were quite large, and Valley Creek also had high spatial 
heterogeneity in both stream and subsurface conditions so that solute transport behavior 
was apparently controlled by different processes in different stream reaches.  Thus, flow 
variation in Valley Creek may have had a greater impact on transient storage and a model 
that allows for time-varying dispersion and transient storage may have provided a better 
estimate of solute transport.  This analysis would be complicated by the fact that 
relatively little is known about mixing and transport processes in unsteady flows, so that 
it might be difficult to even obtain adequate estimates of the variation of in-stream 
dispersion and dead-zone storage over the variable flow cycle. 
 
6.1.2 Morehall Rd. Site 
As stated before, the Morehall Rd. site was divided into three sections: UMV 
from station MR1 to station MR2; the middle section from MR2-MR4; and MDS from 
station MR4 to MR5.  Sediment samples were collected in UMV and MDS, but not in the 
middle reach because the land owner denied access.  In addition, there were no successful 
solute transport experiments conducted over the MDS reach.   Through the use of 
sampling stations located just upstream and downstream of the middle reach, two 
experiments were successful in estimating transient storage parameters for the middle 
reach.  The results, as shown in Table 13, indicated that As/A and α both increased with 
discharge.  Again this was in contrast to the trends reported by Morrice et al. (1997) and 
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D'Angelo et al. (1993) and may be due to the small variation in stream flow and velocity 
observed at Morehall Rd.   
The f<50 in the UMV reach changed dramatically in April 2002.  Analysis of the 
solute transport experiment results indicated that the f<50 of bed sediment played a very 
important role in controlling transient storage exchange rate in MR1-MR2, as shown in 
Figure 53.  A similar relationship can be seen with the transient storage area in Figure 54.  
As the f<50 in the bed increased, the effective size of the hyporheic zone decreased.  This  
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Figure 53.  The relationship between the f<50 of the fine sediment and the transient 
storage exchange rate at Morehall Rd.—UMV. 
 
 
 
phenomenon has been observed in flume experiments conducted by Packman and McKay 
(2003).  In their work, three sets of experiments were conducted using an equal total mass 
of clay (~600 mg).   The total mass was divided into thirds for the first two experiments 
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and each third was sequentially added to the flume to assess stream bed clogging and its 
impact on hyporheic exchange.    Each addition of clay in the first two experiments  
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Figure 54.  The relationship between the percent of fine sediment with d < 50 µm and the 
transient storage cross sectional area at Morehall Rd.—UMV. Note that x-axis is a log 
scale. 
 
 
resulted in a clay concentration of 220 mgL-1 to 460 mgL-1.  Clogging occurred only after 
the third addition of clay. The hydraulic conductivity of the bed was reduced from an 
initial value of 10.8 cm min-1 to an apparent value of 4 cm min-1 and the effective 
porosity was reduced from 0.38 to 0.29.  In the third experiment, the total mass of clay 
was added in a single dose.  The resulting high concentration of clay (810 mgL-1) caused 
immediate clogging.  The hydraulic conductivity was reduced to 1.25 cm min-1 and 
effective porosity was reduced to 0.24.  In this case the clay preferentially clogged the 
upper portion of the stream bed.  Thus, as clay was trapped in the bed, the fast exchange 
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pathways were plugged first, resulting in a hyporheic zone that was dominated by slow 
exchange pathways with reduced exchange rates. 
The impact of the f<50 content of the fine bed sediment on hyporheic exchange 
was demonstrated further in Figure 55 which shows a dimensionless plot of residence 
time versus the f<50 in the fine sediment for Morehall Rd. at UMV.  The y-axis is a 
dimensionless residence time (transient storage hydraulic residence time divided by 
surface hydraulic residence time).  Hyporheic residence time increased as the amount of 
fines in the bed increased.  Based on the results of Packman and MacKay (2003), this 
observation can be attributed to plugging that reduced the exchange rate.   
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Figure 55.  The relationship between transient storage retention time and the percent of 
the fine sediment with d < 50 µm at Morehall Rd—UMV.  Note that x-axis is a log scale. 
 
 
Again, the analysis of Wörman et al. (2002) indicated that there should be a linear 
relationship between the dimensionless time (HRT*K/h) and the square of the 
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dimensionless stream velocity (1/Fr2) if the channel characteristics were unchanged.   As 
in the main stem of Valley Creek, the sediment sampling method at UMV did not allow 
for the collection of a proper sample for sediment particles larger than 2mm.  In addition, 
two of the four sediment samples collected at UMV had a d10f that was significantly less 
than 50 µm.  Since all sediment smaller than 50 µm was washed down the drain during 
the sieving process, it was not possible to determine the actual d10f and so K could not be 
calculated.  However, the fine sediment fraction should control hydraulic conductivity in 
this reach.  UMV is a gravel/cobble reach with a significant amount of fine sediment (i.e. 
with d < 2mm).  As shown by Packman and MacKay (2003), fine sediment in the stream 
bed will reduce the effective porosity of the stream bed and changes in the fine sediment 
content of the stream bed should directly impact the effective hydraulic conductivity of 
the stream bed.  Since K could not be estimated from the grain size distribution of the 
fine sediment, it was incorporated into the slope as is shown in Figure 56.  The data fall 
along a single trend line with the exception of one point.  For the three points along the 
line, between 5.3% and 14.3% of the fine bed sediment was less than 50 µm in size.  For 
the one outlier, 25% of the fine bed sediment was less than 50 µm in size. Assuming this 
increase in f<50 content caused a two-fold reduction in K, this outlier would also fit along 
the single trend line.   Since hydraulic conductivity values for silty sand range from 10-5 
cm s-1 to 10-1 cm s-1 (Freeze and Cherry, 1979), this assumption is not unreasonable.   
This change in hydraulic conductivity suggests that the stream bed at UMV 
became plugged when the f<50 content increased from 6.3% to 25%.  The hydraulic  
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Figure 56.  The relationship between stream velocity and transient storage residence time 
at Morehall Rd-UMV.   
 
 
 
conductivity of the stream bed returned to its initial value when the f<50 content in the 
stream bed was still more than twice its initial value (14.3%).  This suggests that there 
was a threshold of f<50 content below which there would be no measurable impact on 
transient storage exchange.  Again, this was consistent with the results of Packman and 
MacKay (2003). 
The changes in bed sediment characteristics and transient storage zone size and 
exchange rate observed at Morehall Rd. occurred while there was no significant change 
in land use within the drainage area.   The source of the increased f<50 content cannot be 
determined with certainty.  However, in the spring of 2002, a stockpile of topsoil was 
placed on a neighboring property.  The stockpile was approximately 5 m tall and 100 m 
140
 
long and was not covered or stabilized in any manner.  While the stockpile was outside 
the drainage area of UMV, it was within approximately 150 m of the stream at its closest 
point, which suggests that this f<50 sediment could have migrated into the stream by wind 
drift or other means. 
 
 6.1.3 Sheldrake Rd. 
At Sheldrake Rd., the change in sediment characteristics was much less dramatic 
and the change in land use much more dramatic than at the Morehall Rd. sites.  The 
impervious coverage increased from 26.7% in 2000 to 28.4% in 2003 and the residential 
land use increased from 49.3% of the drainage area in April 2002 to 60.5% of the 
drainage area in May 2003.  However, the f<50 content of the fine sediment ranged from 
9.8% to 13.6% during the study period (Figure 44) and this change in f<50 content was 
apparently not related to the change in land use since the f<50 initially decreased and then 
increased at the end of the study.   There were no trends in transient storage area or 
exchange rate with either stream flow or velocity.  This was most likely due to the very 
small range of observed values.  Stream flow varied by no more than a factor of 2.7  
(3.25 Ls-1 to 9 Ls-1) and velocity varied by no more than a factor of 2.9 (0.028 ms-1 to 
0.082 ms-1).  Values of As/A are shown in Figure 57.  Values of α are shown in Figure 
58.   
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Figure 57.  The change in transient storage area over time in each reach at Sheldrake Rd. 
Note that y-axis is a log scale. 
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Figure 58.  The change in exchange rate over time in each reach at Sheldrake Rd. Note 
that y-axis is a log scale. 
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There was a linear relationship between the transient storage residence time and 
the square of the velocity for the Sheldrake Rd. data when the hydraulic conductivity (K) 
was estimated from the d10 of the fine sediment (Figure 59).  This demonstrates the 
importance of fine sediment to the hyporheic exchange dynamics of this headwater  
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Figure 59.  The relationship between transient storage residence time and stream velocity 
at Sheldrake Rd.  
 
stream.  Figure 59 is also indicative of the limited impact the residential development had 
on the channel characteristics of the Sheldrake Rd. stream.  During the course of this 
study, approximately 11% of the drainage area at Sheldrake Rd. was converted from 
woodland to a residential development. Yet the f<50 of the fine sediment in the stream bed 
initially decreased from 11.5% in August 2001 to 9.9% in October 2001 and 9.8% in 
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April 2002 and October 2002.  In April 2003, the f<50 increased to 13.6%.  The very small 
change in the f<50 of the bed sediment yielded little change in the estimated hydraulic 
conductivity.  In addition, the linear relationship shown in Figure 59 suggests that there 
was little or no change in the geomorphologic features incorporated into the slope of the 
relationship--bed sediment depth, bedform height or bedform wavelength.  The 
relationships between the f<50 of the bed sediment and hyporheic exchange parameters 
observed at Morehall Rd. were not observed here.  This was likely due to the difference 
in sediment characteristics between the two sites and the range in the observed f<50 at 
each site.  The bed sediment at Sheldrake Rd. typically had a larger grain size than that 
observed at Morehall Rd., and the range of the f<50 content observed in the stream bed 
was much narrower at Sheldrake Rd.  As was stated in Section 6.1.2, Packman and 
MacKay (2003) have shown that addition of clay to a stream will not induce bed clogging 
until some threshold level is reached.  This threshold was apparently not reached at 
Sheldrake Rd.   
 
6.1.4  Summary 
 
A comparison of the results of this study and the results of other studies is shown 
in Table 17.  All of the streams studied by other researchers, with the exception of Säva 
Brook, were forested mountain streams unimpacted by urbanization.  Walker Brook was 
located in Tennessee. Hugh White Creek was located in North Carolina. Rio Calaveras, 
Gallina Creek and Aspen Creek were located in New Mexico.  All of the streams studied 
by Hall et al. (2002) were located in the Hubbard Brook Experimental Forest in New 
Hampshire.  Säva Brook was a small stream draining a low-lying agricultural region of 
central Sweden.    
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Q        
(Ls-1)
Velocity 
(ms-1)
Depth   
(m)
k1         
(min-1)
k2            
(min-2)
α          
(min-1) As/A          HRT
Walker Brook Mulholland et al (1997) 4.2 0.045 0.04 4.20E-03 4.97E-02 0.09 20.1
Hugh White Creek Mulholland et al (1997) 4.9 0.064 0.03 3.52E-02 2.36E-02 1.49 42.4
R. Calaveras Fellows et al. (2001) 0.5 0.020 0.03 6.00E-03 0.18 32
R. Calaveras Fellows et al. (2001) 1.2 0.050 0.03 5.30E-02 0.06 1
R. Calaveras Valett et al. (1997) 2.0 0.067 0.05 3.48E-03 0.1 28.7
Gallina Creek Valett et al. (1997) 0.8 0.015 0.05 3.66E-03 4.6 1257
Gallina Creek Valett et al. (1997) 2.0 0.025 0.08 7.20E-03 1.63 226
Gallina Creek Valett et al. (1997) 15.0 0.110 0.05 3.00E-02 0.71 23.7
Gallina Creek Valett et al. (1997) 75.0 0.210 0.40 1.20E-02 0.11 9.2
Gallina Creek Fellows et al. (2001) 0.8 0.020 0.16 3.80E-02 1.67 44
Gallina Creek Fellows et al. (2001) 3.2 0.050 0.11 2.50E-02 0.08 3
Aspen Creek Valett et al. (1997) 1.1 0.150 0.05 2.40E-03 0.08 33.3
Bear Brook Hall et al. (2002) 12.0 0.055 0.08 1.25E-02 5.10E-02 0.27 19.6
West Branch, Bowl Hall et al. (2002) 77.9 0.209 0.07 2.20E-02 9.10E-02 0.24 11.0
Cascade Brook Hall et al. (2002) 2.0 0.009 0.06 9.00E-03 2.20E-02 0.39 45.5
Hubbard Brook Hall et al. (2002) 86.6 0.096 0.09 2.90E-02 1.70E-01 0.17 5.9
Paradise Brook Hall et al. (2002) 6.7 0.026 0.12 2.50E-02 5.80E-02 0.43 17.2
W1 Hall et al. (2002) 1.5 0.019 0.06 1.70E-02 3.30E-02 0.51 30.3
W2* Hall et al. (2002) 1.1 0.016 0.04 1.60E-02 8.00E-02 0.6 12.5
W3* Hall et al. (2002) 4.1 0.047 0.04 5.70E-02 1.55E-01 0.36 6.5
W4* Hall et al. (2002) 4.2 0.025 0.08 1.50E-02 4.20E-02 0.4 23.8
W5* Hall et al. (2002) 1.6 0.023 0.04 1.60E-02 4.80E-02 0.22 20.8
W6* Hall et al. (2002) 2.7 0.033 0.04 2.80E-02 6.20E-02 0.43 16.1
W. Inlet Mirror Lake Hall et al. (2002) 1.0 0.027 0.03 2.90E-02 4.30E-02 0.66 23.3
Säva Brook Salehin et al. (2003) ** 0.131 0.33 6.08E-04 0.58 15.8
Säva Brook Salehin et al. (2003) *** 0.095 0.38 2.98E-06 0.005 27.8
Säva Brook Salehin et al. (2003) *** 0.125 0.60 8.00E-07 0.006 120
Säva Brook Salehin et al. (2003) **** 0.057 0.90 5.00E-06 0.059 370
UMV This study 10.0 0.041 0.11 1.34E-02 0.15 11.2
UMV This study 10.9 0.045 0.11 1.79E-03 0.033 18.4
UMV This study 8.6 0.036 0.12 1.09E-02 0.17 15.6
UMV This study 40.3 0.139 0.12 3.52E-02 0.15 4.3
Sheldrake This study 3.9 0.053 0.04 4.00E-03 0.1 25.5
Sheldrake This study 4.1 0.043 0.05 3.71E-02 0.36 9.7
Sheldrake This study 3.3 0.044 0.04 6.36E-03 0.4 62.3
Sheldrake This study 4.1 0.056 0.04 3.50E-02 0.1 3.0
Sheldrake This study 8.9 0.082 0.06 9.60E-03 1.43 149
Valley Creek 01 This study 209 0.110 0.48 2.74E-04 0.072 263
Valley Creek 01 This study 234 0.110 0.25 1.00E-02 1.31 131
Valley Creek 01 This study 291 0.110 0.30 8.70E-06 0.026 2980
Valley Creek 03 This study 564 0.250 0.56 1.71E-04 0.05 294
Valley Creek 03 This study 765 0.180 0.50 1.40E-04 0.16 1160
Valley Creek 03 This study 1220 0.280 0.49 9.94E-05 0.063 638
Table 17.  Transient storage parameters of Valley Creek watershed compared to forested 
mountain and low-lying agricultural streams
Stream Size Data Transient Storage Parameters
Stream Investigators
*  Values are averages of data reported for reach
** Reported flow at upstream station only (160 Ls-1) 
*** No flow data reported
**** Reported flow at downstream station only (300 Ls-1)
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It should be noted that some researchers reported values for k1 and k2, while 
others reported values for α.  The parameters are directly related as follows:  k1 is equal 
to α and k2 is equal to αA/As which is the inverse of the transient storage hydraulic 
residence time (1/HRT).  
Statistical analysis was performed using the Wilcoxon Mann Whitney Rank Sum 
Test (KaleidaGraph, version 3.6, Synergy Software). When all of the Valley Creek data 
were included, the forested mountain streams had a significantly higher exchange rate (α, 
p < 0.02) and a significantly higher storage area (As/A, p=0.02) which resulted in a 
hyporheic hydraulic residence time (HRT) that was not significantly different from that 
of the Valley Creek reaches examined herein.  However, the main stem of Valley Creek 
can not be considered a mountain stream.  Both the flow rate and depth of the Valley 
Creek main stem reaches were as much as an order of magnitude larger than the 
mountain streams examined by other researchers.  In addition, the slope of the main stem 
of Valley Creek was between 0.27% and 0.47%.  When the main stem Valley Creek 
reaches were excluded from the analysis, there was no statistically significant difference 
between the exchange rate, the hyporheic area or the hyporheic hydraulic residence time 
of the forested, mountain streams and Valley Creek, an urbanizing Piedmont stream. 
Additionally, if the data for Säva Brook are included in the analysis, a more 
general comparison can be made between un-urbanized streams and the urbanizing 
Valley Creek.  Here again, there was no statistically significant difference in the 
exchange rate, the hyporheic storage area or the hyporheic hydraulic residence time of the 
un-urbanized streams and Valley Creek.  
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Thus, while urbanization was observed to have measurable impacts on the 
transient storage zone characteristics of a stream (e.g. the changes observed at UMV), the 
impacts were within the range of variability observed at many different streams—both 
urban and non-urban.  Therefore, one could not a priori predict the transient storage 
characteristics based solely on the degree of urbanization.    
 
 
6.2 Phosphorus Uptake Dynamics 
 
 Phosphorus uptake was examined at three sites within the Valley Creek 
watershed. Phosphorus uptake was measured in the laboratory using sediments obtained 
from the upper 90 m of Morehall Hall Rd.—UMV, the upper 52 m of Morehall Rd.—
MDS, and the upper 238 m of Sheldrake Rd.  The laboratory uptake experiments were 
conducted with fresh sediment taken directly from the stream in order to estimate the 
total phosphorus uptake rate of the benthic community.  In addition, abiotic uptake was 
measured using sediment that had been autoclaved in order to stop all biological activity.  
The biological uptake is equal to the difference between the total uptake measured with 
fresh sediment and the abiotic uptake measured with autoclaved sediment. The 
aluminum, iron, magnesium, calcium, phosphorus and total organic matter content of the 
bed sediments were also determined in conjunction with these experiments. 
 In situ phosphorus uptake was measured at Morehall Rd.—UMV and at Sheldrake 
Rd.  In situ phosphorus uptake was always several orders of magnitude greater than the 
total phosphorus uptake measured in the laboratory.  This was due to several factors 
discussed in Section 5.3.   
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6.2.1 Morehall Rd. Site 
  6.2.1.1 UMV 
 
As mentioned above, a significant increase in the f<50 of the fine sediment at 
UMV (Figure 42A) was observed shortly after the appearance of a large (approximately 5 
m high and 100 m long) stockpile of topsoil on an adjacent property.  An examination of 
Figure 47B shows that the increase in f<50 was also associated with a significant increase 
in the sediment phosphorus concentration and a slight increase in the aluminum content 
of the sediment.  The organic matter content of the sediment decreased throughout the 
study period (Figure 47B) 
A side-by-side comparison of the sediment characteristics and the measured 
phosphorus uptake rates revealed that the changes in phosphorus uptake rates measured 
in the laboratory and in situ during this study mirrored the changes observed in the f<50 of 
the fine sediment and changes in the phosphorus concentration of the sediment.  In Figure 
46B, it is of particular note that the early measurements of abiotic uptake, as measured in 
the laboratory, were negative (October 2001 and April 2002), indicating that the bed 
sediment was releasing phosphorus to the interstitial fluid and surface water.  In October 
2001, the abiotic release of phosphorus was approximately 35% of the biological uptake, 
indicating that the biological benthic community was obtaining 65% of its phosphorus 
from the water column.  In April of 2002, the abiotic release of phosphorus was 96% of 
the biological uptake, indicating that the biological benthic community was obtaining just 
4% of its phosphorus from the water column.  By October 2002 the total phosphorus 
uptake rate had returned to near its October 2001 value, but the bed sediments had 
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become a phosphorus sink and biological uptake was reduced to near zero.  These 
observations suggest the excess f<50 could have buried the benthic biological community. 
At UMV, it was previously shown in Figures 53 and 54 that transient storage 
decreased because of increasing f<50 content of the streambed.   In Figures 60 and 61, it is 
seen that in situ phosphorus uptake was significantly correlated with hyporheic exchange, 
and both the in situ and laboratory phosphorus uptake were significantly correlated with 
the f<50 of the fine sediment.  In addition, the f<50 was significantly correlated with the 
concentration of phosphorus attached to the sediment (Figure 62). 
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Figure 60.  The phosphorus uptake rate as a function of transient storage exchange at 
Morehall Rd—UMV. 
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Figure 61.  The phosphorus uptake rate as a function of the f<50 of fine sediment at 
Morehall Rd.—UMV.  Note that y-axis is a log scale. 
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Figure 62. The relationship between the sediment phosphorus concentration and the f<50 
of the fine sediment at Morehall Rd.—UMV.  
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Taken as a whole, these results suggest that the sediment that entered the stream 
in April 2002 carried excess phosphorus.  The excess phosphorus was used by the benthic 
biological community, thereby reducing both the demand for phosphorus from the water 
column and the phosphorus uptake rate.  Both the laboratory (total) and in situ uptake 
rates decreased during this period (Figure 46B).  The increased f<50 also plugged the 
streambed and reduced hyporheic exchange.  The reduced hyporheic exchange resulted in 
less oxygenated surface water being provided to the biological benthic community.  The 
lack of oxygenated surface water resulted in reduced activity of the biological benthic 
community as determined by the lack of any observed biological phosphorus uptake in 
the laboratory phosphorus uptake experiments in October 2002 and April 2003 (Figure 
46B).  
  
6.2.1.2 MDS 
  
 As stated earlier, no in situ phosphorus uptake data were collected at MDS.  The 
laboratory data are shown in Figure 46C.  Once again there was a clear, and in this case 
linear, trend in the phosphorus uptake rate over time.   The total phosphorus uptake rate 
and the abiotic phosphorus uptake rate increased over the course of the study (r2=0.9, 
p=0.04 and r2=0.94, p=0.03, respectively).  However, the abiotic uptake increased much 
faster than the total uptake, indicating a reduction in the net biological uptake rate.  The 
cause of the decrease in the biological uptake rate is not known.  It could have been 
related to the low-flow conditions existent during this study.  On several occasions, the 
stream was observed to go dry in mid-reach, which certainly would hinder biological 
activity.   
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 One possible explanation for the change in abiotic phosphorus uptake was the 
change observed in the calcium and magnesium concentrations of the bed sediments 
(Figure 47C).    This reach was in the carbonate valley, and it was expected that this area 
should have high levels of calcium and magnesium.  Under low flow conditions, the 
groundwater would be in contact with the carbonate geology for a longer time, allowing 
for a higher concentration of calcium and magnesium.  As the enriched groundwater 
flows through the bed sediments, excess calcium and magnesium would sorb to the 
sediments.  The phosphorus sorption capacity of sediment has been shown to be related 
to the calcium and magnesium content of the sediment (Borůvka and Rechcigl, 2003).  
Regression analysis, using the JMP 4.0.4 statistical software package, indicated that there 
was a statistically significant linear correlation between abiotic uptake at MDS and the 
sediment concentration of both calcium (r2=0.79, p=0.07) and magnesium (r2=0.99, 
p=0.005). 
 
 6.2.2 Sheldrake Rd. Site 
At the Sheldrake Rd. site, the changes in phosphorus uptake were similar to those 
observed at MDS and much less dramatic than were observed at UMV.   Figure 47A 
shows the sediment phosphorus, metals and organic matter content data for Sheldrake Rd.  
Figure 48 shows the water column phosphorus concentration data for Sheldrake Rd. 
The water column phosphorus concentration and the f<50 of the stream bed appear 
have been linearly correlated (r2=0.53, p=0.10).  In addition, both of these parameters 
were linearly related to stream flow.  The f<50 of the fine sediment was correlated with 
both flow measured on the day of the experiment (r2=0.68, p=0.03) and with the mean 
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flow of Valley Creek for the period between each experiment (r2= 0.83, p=0.007).  The 
water column phosphorus concentration was linearly correlated with the mean flow of 
Valley Creek for the period between each experiment (r2=0.67, p=0.06).  The sediment 
phosphorus concentration increased by almost 50% between August 2001 and October 
2001 and then remained nearly constant for the rest of the study period. The aluminum 
concentration of the sediment steadily increased.   
In contrast to the Morehall Rd. experiments, only the abiotic phosphorus uptake 
had a significant trend over time (r2 = 0.65, p =0.09).  Neither the in situ uptake nor the 
total uptake rate measured in the laboratory had a significant trend over the entire 
experimental period.  There might have been seasonal variations in these rates.  In situ 
uptake had a high value in the spring, decreased over the summer and increased in the 
fall.  In contrast, the laboratory experiments indicated a reduction in uptake in the fall.  
This might be a function of light limitation in the laboratory experiments or it might 
simply be a function of the very small range in phosphorus uptake rates observed at this 
site.  At the Morehall Rd. site, the uptake varied by a factor of 100, whereas at Sheldrake 
Rd., the uptake rates varied only by a factor of five.   More data will be needed to 
determine the seasonal trends in phosphorus uptake, if any, at Sheldrake Rd.  However, 
some long term trends in phosphorus uptake were still apparent from the available data.   
Analysis of sediment and water column characteristics revealed that only the f<50 
of the stream bed and the aluminum content of the bed sediment were significantly 
correlated with the phosphorus uptake measured in the laboratory.  The total phosphorus 
uptake determined in the laboratory was significantly correlated with the f<50 of the fine 
sediment (r2=0.67, p=0.05).  This phenomenon is attributable to an increase in the surface 
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area:volume ratio, and therefore binding sites, of fine sediment relative to coarse 
sediment.  This has been observed by many researchers (e.g. Meyer, 1979; Klotz, 1988; 
Atalay, 2001; Zhu et al., 2003).   The abiotic phosphorus uptake measured in the 
laboratory was significantly correlated with the aluminum content of the sediment 
(r2=0.60, p=0.08).  This is also a well known phenomenon (Klotz, 1988; Pant et al., 
2002). These relationships are shown in Figures 63 and 64.   
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Figure 63.  The relationship between the total phosphorus uptake rate measured in 
laboratory experiments and the f<50 of the fine sediment at Sheldrake Rd.  
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Figure 64.  The relationship between abiotic phosphorus uptake and the aluminum 
content of the bed sediment at Sheldrake Rd. 
 
 
 
 
Based on these results, the aluminum content and f<50 of the fine sediment were 
also expected to significantly influence the in situ phosphorus uptake rate.  Indeed, this 
was the case.  Using multiple linear regression analysis (JMP 4.0.4), the metals content of 
the sediment, the transient storage parameters, and the f<50 of the fine sediment were 
examined to determine their influence on in situ phosphorus uptake.  Individually, no 
parameter had a significant influence on the in situ phosphorus uptake rate.  In 
combination, however, the aluminum content of the fine bed sediment, the f<50 of the fine 
bed sediment and the transient storage exchange rate (α, s-1) did have significant 
influence and explained 96% of the variation of the observed in situ phosphorus uptake 
rate according to Equation 17 (r2 = 0.96, p = 0.13) and as shown in Figure 65. 
 
Pi = - 4.5x10-3 + 1.48x10-3 ln (f<50) + 1.01x10-1 (α) + 1.3x10-4 (Al)                      (17) 
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where Pi is the in situ phosphorus uptake rate (s-1), f<50 is the percent fraction of fine 
sediment with d < 50 µm; and Al is the aluminum content of the sediment (mg g-1). 
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Figure 65.  The relationship between measured in situ phosphorus uptake and predicted in 
situ phosphorus uptake at Sheldrake Rd. using Equation 17. 
 
 
From Equation 17, it can be seen that in situ phosphorus uptake increased with the 
aluminum content of the sediment, the f<50 of the sediment and the transient storage 
exchange rate, indicating that abiotic processes played a significant role in phosphorus 
uptake at Sheldrake Rd.   As the exchange rate increased, additional phosphorus from the 
water column flowed through the bed sediments.  As the f<50 and the aluminum content of 
the sediment increased, the abiotic sorption of phosphorus increased and the sediments 
shifted from a phosphorus source to a phosphorus sink.   
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6.2.3  Summary 
A comparison of the phosphorus uptake results of this study and the results of 
other studies is shown in Table 18.  The streams studied by other researchers were 
forested mountain streams unimpacted by urbanization.  Statistical analysis was 
performed using the Wilcoxon Mann Whitney Rank Sum Test (KaleidaGraph, version 
3.6, Synergy Software). For this analysis, data from this study was available only for the 
UMV and Sheldrake Rd. reaches.  The forested mountain streams had a significantly 
higher phosphorus uptake rate (s-1, p<0.003) and a significantly higher mass transfer 
coefficient (ms-1, p<0.002) indicating that they were much more efficient at removing 
phosphorus from the water column.  This was due at least in part to the much lower 
background concentrations.  The forested mountain streams had reported background 
PO4 concentrations of 2 µgL-1 to  4.6 µgL-1.  Background PO4 concentrations in the UMV 
and Sheldrake Rd. reaches ranged from 6.5 µgL-1 to 32.8 µgL-1.  It is likely that the 
forested mountain streams were more phosphorus limited than the UMV or Sheldrake 
Rd. reaches.        
Note that while there was a significantly greater phosphorus uptake rate and mass 
transfer coefficient in forested mountain streams when compared to reaches in Valley 
Creek, there was no statistically significant difference in the transient storage 
characteristics.  Thus, when comparing across streams, there does not appear to be a 
relationship between phosphorus uptake and transient storage.  However, when 
comparing temporal changes within a given stream, there was a strong relationship 
between phosphorus uptake and transient storage characteristics.  Thus one can predict  
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Q        
(Ls-1)
Velocity 
(ms-1)
Depth   
(m)
Water 
Column 
PO4        
(µg/l)
Uptake rate 
(s-1)
Uptake 
length   
(m)
Mass 
uptake rate  
(mg m-2 d-1)
Mass  
transfer 
coefficient 
(ms-1)
Walker Brook Mulholland et al. (1997) 4.2 0.045 0.04 4.6 2.88E-04 156 4.896 1.24E-05
Hugh White Creek Mulholland et al. (1997) 4.9 0.064 0.03 2.2 2.14E-03 30 12.816 6.63E-05
Hubbard Brook Hall et al. (2002) 86.6 0.096 0.09 2 1.13E-03 85 1.01E-04
Paradise Brook Hall et al. (2002) 6.7 0.026 0.12 2 8.97E-04 29 1.03E-04
W3* Hall et al. (2002) 4.1 0.047 0.04 2 2.61E-03 18 1.17E-01
W4* Hall et al. (2002) 4.2 0.025 0.08 2 1.79E-03 14 1.37E-01
W5* Hall et al. (2002) 1.6 0.023 0.04 2 1.21E-03 19 5.20E-02
W6* Hall et al. (2002) 2.7 0.033 0.04 2 2.13E-03 15.5 1.10E-01
W. Inlet Mirror Lake Hall et al. (2002) 1.0 0.027 0.03 2 2.25E-03 12 6.20E-02
UMV This study 10.0 0.041 0.11 16.5 3.00E-04 137 3.97E-04 3.30E-05
UMV This study 10.9 0.045 0.11 6.5 4.50E-06 10000 1.62E-06 4.95E-07
UMV This study 40.3 0.139 0.12 13.2 4.70E-04 296 1.66E-04 6.58E-05
Sheldrake This study 3.9 0.053 0.04 32.8 1.80E-04 294 1.13E-03 7.20E-06
Sheldrake This study 4.1 0.043 0.05 13.8 7.90E-04 54 5.52E-04 3.95E-05
Sheldrake This study 3.3 0.044 0.04 10.6 2.80E-04 157 7.40E-04 1.12E-05
Sheldrake This study 4.1 0.056 0.04 18.1 5.50E-04 102 6.95E-04 2.20E-05
Sheldrake This study 8.9 0.082 0.06 29.6 9.90E-04 83 1.72E-04 5.94E-05
*  Values are averages of data reported for reach
Table 18.  Phosphorus uptake data of Valley Creek watershed compared to forested mountain 
streams.
Stream Investigators
Stream Size Data Phosphorus Uptake Data
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a priori that impacts which result in a reduced storage exchange rate will cause a 
reduction in the phosphorus uptake rate, when other factors remain unchanged.   
 
 6.3 Community Metabolism 
 Community metabolism measurements were made at Morehall Rd. (UMV and 
MDS) and at Sheldrake Rd.  Community metabolism measures the biological activity of 
the whole stream (i.e. the aquatic community) based on the increase (gross primary 
productivity) and decrease (respiration) of oxygen in the stream.  Phosphorus uptake 
measures biological activity based on the decrease in phosphorus in the water column.  
These measurements reflect the whole stream when determined in situ and reflect only 
the benthic community when measured in the laboratory using stream bed sediments.  In 
order to compare these data to the phosphorus uptake data discussed previously, all of the 
data were expressed as a mass flux (mg m-2 d-1).  The hourly respiration data were simply 
multiplied by 24 since respiration occurs 24 hours a day.  The hourly gross primary 
productivity data were multiplied by the photoperiod for the day the measurements were 
made since primary productivity occurs only during daylight hours.  For the in situ 
phosphorus uptake data, this was accomplished by multiplying the molar concentration of 
phosphorus removed per meter of stream length by the stream velocity (m d-1) and 
dividing by the area of the stream bed (m2) as shown in equation 18 
 
MW
WL
VPP
Mmg
*
*
*µ=       (18) 
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where Pmg is the in situ phosphorus mass flux (mg m2 d-1);  PuM is the in situ phosphorus 
uptake rate (µM m-1); V is the stream velocity (m d-1); L and W are the length and 
average width of the reach (m); and MW is the molecular weight of phosphorus as P 
(0.031 mg µM-1). 
 
6.3.1 Morehall Rd. Site 
 At UMV, the temporal trends in both gross primary productivity and whole 
community respiration, as shown in Figure 66, were very similar to the trends observed 
for in situ phosphorus uptake.  The productivity in UMV decreased between October 
2001 and June 2002 and then increased through the end of the study in April 2003.  This 
result was consistent with the hypothesis that the increase in the f<50 of the fine sediment 
buried or killed the benthic community and reduced the biological activity in the stream.  
As the f<50 washed out of the stream bed, the aquatic community was re-established as 
evidenced by the increase in whole-stream productivity.  The changes in observed 
productivity were greater than the changes in observed respiration and so the community 
metabolism, defined as the ratio of productivity to respiration, followed the same pattern 
as productivity—it decreased from October 2001 through June 2002 and then increased 
through April 2003.  Neither the gross primary productivity nor the community 
respiration was significantly correlated with in situ phosphorus uptake.  However, the 
community metabolism and in situ phosphorus uptake were significantly correlated at 
UMV (r2=0.95, p=0.1). 
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Figure 66.  The relationship between in situ phosphorus uptake and gross primary 
productivity and respiration at Morehall Rd-UMV.   
 
 
 
The trends in gross primary productivity and respiration based on in situ diurnal 
dissolved oxygen measurements were slightly different from the trend in the laboratory 
phosphorus uptake rate.  In the latter, biological phosphorus uptake, defined as total 
phosphorus uptake minus abiotic phosphorus uptake, decreased sometime after April 
2002 and did not recover by the end of the study (Figure 46B).  This suggests that the 
recovery observed in the community as a whole did not in fact extend to the benthic 
community.   The gross primary productivity, measured in situ, also includes rooted 
macrophytes, epiphytes, and floating and drifting organisms.  It appears that the benthic 
community was more severely impacted than the whole-stream ecosystem, and the 
benthic impacts lasted longer.  It should be noted that the gross primary productivity and 
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respiration were measured over the entire 178 m length of this reach, while the benthic 
impacts were determined using sediment collected from just the upper 90 m of the reach.  
The topsoil stockpile (the presumed source of the f<50 found in the stream bed) was 
located such that this sediment would have been carried into the stream near or above the 
upstream end of the reach.  This would probably result in the upper 90m of the reach 
being more impacted than the reach as a whole.  
    At MDS, phosphorus uptake was not measured in situ, so laboratory data on total 
phosphorus uptake were used instead.  In this case, phosphorus uptake was converted to a 
mass flux (mg m-2 d-1) using Equation 19.   
 
MWDPP
MTTmg
*** ρµ=        (19) 
 
where PTmg is the total phosphorus uptake mass flux measured in the laboratory (mg m-2 
d-1); PTµM is the total phosphorus uptake rate measured in the laboratory at 24 hrs (µM 
mg-1);  ρ is the density of sediment (mg m-3) assumed to be 2.65 x 10-6; and MW is the 
molecular weight of phosphorus as P (0.031 mg µM-1).  As can be seen in Figure 67, 
there was no relationship between the measured phosphorus uptake rate at MDS and the 
measured productivity or respiration.  However, phosphorus uptake appeared to increase 
with community metabolism (productivity divided by respiration).  The limited amount 
of data and the temporal distribution of the data make more detailed analysis difficult.    
 
 
 
 
 
162
 1.E-03
1.E+00
1.E+03
1.E+06
Jan-01 Jul-01 Jan-02 Jul-02 Jan-03 Jul-03
Date
mg m-2 d-1
Total Uptake (P)
Productivity (O2)
Respiration (O2)( 2)
 
 
Figure 67.  The relationship between the laboratory measured phosphorus uptake rate and 
gross primary productivity and respiration at Morehall Rd—MDS. 
 
 
 6.3.2 Sheldrake Rd. 
 At Sheldrake Rd., the in situ phosphorus uptake rate was significantly correlated 
with the community metabolism (r2=0.98, p=0.07), but not with either the gross primary 
productivity or the community respiration (see Figure 68).  The in situ phosphorus uptake 
data are reported as the reach-average of the measured values.  In August 2001, 
phosphorus uptake was measured in reaches SH1-SH2, SH2-SH4 and SH4-SH5.  In 
October 2001, phosphorus uptake was measured in reaches SH1-SH2 and SH2-SH4.  In 
June 2002, phosphorus uptake was measured only in reach SH1-SH2.  In October 2002, 
the uptake was measured in reaches SH1-SH2 and SH2-SH4.  In April 2003, the uptake 
was measured in reaches SH1-SH2, SH2-SH4 and SH4-SH5.  A length-weighted average 
phosphorus uptake rate was calculated from the available data and the result was assumed  
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Figure 68.  The relationship between in situ phosphorus uptake and gross primary 
productivity and respiration at Sheldrake Rd. 
 
 
to apply to the entire 238 m site from which the sediment samples were taken and the 
dissolved oxygen values were measured.   However, phosphorus uptake was quite varied 
over the reach.  For example in April, 2003, the in situ uptake varied by more than an 
order of magnitude between SH1-SH2 (1.72x10-3 s-1) and SH2-SH4 (1.93x10-4 s-1) and 
also between SH2-SH4 and SH4-SH5 (1.34 x10-3 s-1).  Thus, it is possible that average 
phosphorus uptake over the reach was different than the value calculated.  However, 
examination of the uptake data indicates that the uptake rate for reach SH2-SH4 was on 
average approximately 60% of the uptake rate for reach SH1-SH2 and the uptake rate in 
reach SH4-SH5 was on average approximately 75% of the uptake rate for reach SH1-
SH2.  Using these relationships, synthetic uptake rate data were calculated for the 
missing uptake rate values.  The uptake rate for the entire 238 m reach calculated using 
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missing uptake rate values.  The uptake rate for the entire 238 m reach calculated using 
the synthetic data was not significantly different from the uptake rate data calculated 
without the synthetic data.    
 
6.3.3  Summary 
A comparison of the community metabolism results of this study and the results 
of other studies is shown in Table 19.  As with the transient storage and phosphorus 
uptake data, the streams studied by other researchers were forested mountain streams 
unimpacted by urbanization.  Statistical analysis was performed using the Wilcoxon 
Mann Whitney Rank Sum Test (KaleidaGraph, version 3.6, Synergy Software). For this 
analysis, data from this study were available for the UMV, MDS and Sheldrake Rd. 
reaches.   
The forested mountain streams had a significantly lower gross primary 
productivity rate (P, p=0.05) and a significantly lower community respiration rate (R, 
p<0.0001).  However, the community metabolism (P/R) rates for the mountain streams 
were not significantly different from the P/R for the UMV, MDS and Sheldrake Rd. 
reaches.    
The median productivity and respiration rates measured in Valley Creek reaches 
were an order of magnitude greater than those measured in unimpacted, forested 
mountain streams.  As discussed by Paul and Meyer (2001), a few researchers have 
examined urban streams and observed higher productivity and respiration rates in 
comparison to forested streams.  Paul and Meyer suggest the higher rates found in urban 
streams may be due more labile sources of carbon, such as would be found in sewage.       
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Q        
(Ls-1)
Velocity 
(ms-1)
Depth   
(m)
Gross Primary 
Productivity (P)   
(mg O2 m
-2 d-1)
Community 
Respiration  (R)    
(mg O2 m
-2 d-1)
Community 
Metabolism      
(P/R)
Walker Brook Mulholland et al (1997) 4.2 0.045 0.04 140 1450 1.00E-01
Hugh White Creek Mulholland et al (1997) 4.9 0.064 0.03 70 3410 2.00E-02
R. Calaveras Fellows et al. (2001) 0.5 0.020 0.03 500 2900 1.90E-01
R. Calaveras Fellows et al. (2001) 1.2 0.050 0.03 600 2300 2.50E-01
Gallina Creek Fellows et al. (2001) 0.8 0.020 0.16 1700 14700 1.10E-01
Gallina Creek Fellows et al. (2001) 3.2 0.050 0.11 200 6700 3.00E-02
UMV This study 10.0 0.041 0.11 16700 114000 1.50E-01
UMV This study 3.8 0.050 0.10 2620 61000 4.30E-02
UMV This study 7.4 0.037 0.10 187 22200 8.42E-03
UMV This study 5.4 0.037 0.10 963 12500 7.70E-02
UMV This study 8.6 0.036 0.12 4820 75400 6.40E-02
UMV This study 40.3 0.139 0.12 466 550000 8.50E-02
MDS This study 3.0 0.130 0.01 5410 38500 1.40E-01
MDS This study 3.5 0.170 0.01 4280 18300 2.30E-01
MDS This study 52.6 0.070 0.31 7460 234000 4.00E-02
Sheldrake This study 3.9 0.053 0.04
Sheldrake This study 4.1 0.043 0.05 244 43500 5.60E-03
Sheldrake This study 7.1 0.070 0.05 361 36800 9.80E-03
Sheldrake This study 3.3 0.044 0.04
Sheldrake This study 4.1 0.056 0.04 40 48900 8.20E-04
Sheldrake This study 8.9 0.100 0.05 242 160000 1.52E-03
Sheldrake This study 5.5 0.070 0.05 7040 170000 4.14E-02
Sheldrake This study 8.9 0.082 0.06 2580 87400 2.95E-02
Stream Size Data Community Metabolism Data
Table 19. Community metabolism data of Valley Creek watershed compared to forested mountain 
streams.
Stream Investigators
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The very large difference in gross primary productivity rates and community 
respiration rates of forested mountain streams compared to the urbanizing Valley Creek 
reaches are in stark contrast to the lack of a statistically significant difference in the 
transient storage characteristics of non-urban streams compared to the Valley Creek 
reaches.  Thus, it would appear that when examining data across streams there is no 
relationship between transient storage characteristics and gross primary productivity rates 
or community respiration rates.  However, when examining data within a single reach, 
changes in transient storage have a significant and direct impact on the gross primary 
productivity and community respiration rates (e.g. the changes observed at UMV). 
   
6.4 Conceptual Model for the Effects of Watershed Modification Due to 
Urbanization on Changes in Bed Sediment Characteristics   
 As land is converted from open meadow and woodland to residential and 
commercial property, watershed processes are impacted.  These impacts are numerous 
and varied. They can include changes to the volume, rate and quality of surface water 
runoff and groundwater infiltration, the quantity and quality of sediment delivered to the 
stream, the amount of light falling on the stream surface, and the temperature of the 
stream.  These changes are initiated when the land is cleared of the existing vegetation 
(when soil erosion is highest) and continue after the completion of the construction phase 
(when impervious area is maximized and natural vegetative diversity is minimized).  
Thus many of the impacts to streams caused by development originate from two major 
landscape scale impacts:  increased soil erosion and increased impervious area (Klein, 
1979; Wolman, 1967; Brooks, 1994; Milner, 1994).  
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 During the initial phase of land development, vegetation is removed from the 
landscape and soil is exposed to wind and rainfall runoff.  This phase can last on the 
order of days to years for individual projects and from years to decades for a watershed as 
a whole.  This phase of development will result in an increase in the sediment load to the 
stream.  (France, 1997; Wolman, 1967; Sánchez et al., 2002).  The increased sediment 
load will consist of finer sediment (Brooks, 1994; Sánchez et al., 2002; McNeil et al., 
1996; Liu et al., 2001) which will tend to clog the hyporheic zone, reducing the hydraulic 
conductivity and porosity of the streambed sediments (Packman and MacKay, 2003).  
This will reduce the available hyporheic and benthic habitat as well as the flux of 
oxygen-rich surface waters to the subsurface, and so the benthic biological activity will 
be reduced.   
Over longer time periods (years to decades), many development projects will be 
completed and the impervious cover in the watershed will increase.  The increase in 
impervious area will result in larger and more frequent flood flows and lower base flows.  
The increased flood flows will increase scour, reducing the size of the hyporheic zone 
and removing benthic biomass.  The reduced base flow, however, will result in increased 
temperatures in stream which may allow for increased biotic community metabolism.   
The actual stream response will be dependent on the sediment nutrient and organic 
carbon load as well as the actual frequency and magnitude of flood events compared to 
base flow periods.  Low nutrient/carbon sediment combined with frequent or extreme 
flood events will make it difficult for the biotic community to recover and thrive.  On the 
other hand, low frequency flooding combined with high nutrient and carbon content 
sediment will allow for increased biotic community metabolism.  In either case, the 
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quality of the benthic community (as determined by community composition, taxa 
richness and population density) will be reduced as a watershed becomes more urbanized 
(Jones and Clark, 1987; Garie and McIntosh, 1986)).   
The key aspects of this process are described below.   
1.  Urbanization will initially increase the percentage of fine sediment in a stream 
bed (Walters et al., 2003) because finer sediment is more easily eroded (McNeil et al., 
1996; Liu et al., 2001) and eroded soil has a higher percentage of fines (Miller and 
Benda, 2000; Sánchez et al., 2002;).  If the increase in fine sediment exceeds some 
unknown threshold value, the effective porosity and hydraulic conductivity of the stream 
bed will be reduced.  This in turn will reduce the surface-subsurface exchange flux and 
the size of the hyporheic zone (Packman and MacKay, 2003). 
2.  The small grain size of the eroded soil (Brooks, 1994; Wolman, 1967) will 
tend to increase the capacity of the stream bed sediments to adsorb nutrients and organic 
matter due to the proportionally larger specific surface area and adsorption capacity of 
fine sediment (Klotz, 1988; Meyer, 1979; Atalay, 2001; Zhu, 2003).    
3.  In addition to reducing the surface-subsurface exchange flux (and thus the 
oxygen supply needed by the aerobic hyporheos), if the sediment load is very large, the 
benthic community can be buried by sediment which will result in reduced light as well 
as reduced oxygen flux for this community.  After some time delay, but likely within one 
year, the community may recover (Niemi et al., 1990), beginning with the re-colonization 
of the stream bed by those individuals which survived the sedimentation process and/or 
those individuals that drift into the impacted area.  The recovered community might not 
look exactly (or at all) like the pre-disturbance community (Bradshaw, 1988).  
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Differences between the pre-disturbance and recovered community will result from 
changes in the physical characteristics of the stream (e.g. increased silt/clay fraction in 
the bed sediment, filling of pools with sediment, etc.), changes in the chemical 
characteristic of the stream (e.g. increased contaminant load in the bed sediments, 
changes in the aluminum, calcium, magnesium, etc. content of the sediment), changes in 
the nutrient load of the bed sediment or changes in the food supply (increased organic 
matter content of the bed sediment).  Additionally, the benthic community may change 
after a disturbance simply because the pre-disturbance community was an isolated 
population and the neighboring communities which re-colonize the sight are made up of 
different species (Allen, 1995; Hachmöller et al., 1991, Characklis and Wiesner, 1997; 
Klein, 1979).   
The Morehall Rd. site at UMV is an excellent example of how changes in the 
sediment characteristics of a stream can result in perturbations in many aspects of the 
ecosystem.  An increase in the f<50 of the fine sediment resulted in a reduction in the 
transient storage area and exchange rate.  At the same time, there was a reduction in 
phosphorus uptake rate (as measured in both the laboratory and in situ experiments).  
Even though the deposited f<50 carried additional phosphorus, there was a reduction in 
community metabolism.  Thus, it appears that the deposited f<50 plugged the stream bed 
and reduced the amount of oxygenated surface water available to the benthic community, 
resulting in reduced respiration and productivity.   This string of impacts is shown in 
Figure 69.  
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Figure 69.  Watershed Modification Model. Shaded boxes represent phenomena observed during this study 
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In contrast, the data at Morehall Rd.—MDS and Sheldrake Rd. do not show any 
conclusive trends.  Changes in the f<50 at these two sites were small and the maximum 
amount of  f<50 at Morehall Rd.—MDS and Sheldrake Rd. (11.5% and 13.6%, 
respectively) was less than the threshold amount observed at Morehall Rd. – UMV 
(between 14% and 25%).  Because the increase in f<50 was apparently below the 
threshold required for bed plugging, the benthic community did not appear to be 
adversely impacted.  No relationship between f<50 and phosphorus uptake, gross primary 
productivity or community respiration was found.   
Most of the stream characteristics at Sheldrake Rd. did not change dramatically 
over the course of this study indicating that there was little immediate impact from the 
new residential development.  Three factors may have contributed to this lack of 
measurable impact.  First, the drainage area was heavily urbanized prior to the start of the 
study.  Impervious surfaces accounted for more than 26% of the drainage area in 2000, 
before the new development project was begun. So, it is possible that the new 
development was simply not large enough to have an additional, measurable impact.  
Secondly, there was a large forested riparian corridor along the Sheldrake Rd. stream and 
it was left undisturbed by the development project.   Finally, the region was under official 
drought status from August 2001 through January 2003.  With little precipitation, erosion 
of exposed soil at the construction site would be expected to be minimal.    These three 
factors could explain why the stream was not impacted by urbanization during this time 
period.  
172
 
Gross primary productivity at Sheldrake Rd. was low in 2001 when the first 
measurements were made and continued to decline through the fall of 2002.  Stream flow 
was below normal from April 2001 through October 2002.   Gross primary productivity 
increased dramatically in early 2003, just after the stream flow returned to historical 
norms.  There were no dramatic changes in hyporheic exchange during this period, 
suggesting that the streambed was never plugged by the f<50.  However, the laboratory 
and in situ phosphorus uptake experiments at Sheldrake Rd. indicated that abiotic uptake 
increased while biotic uptake decreased over the study period.  The small observed 
increase in f<50 of the bed sediment, in combination with increases in the hyporheic 
exchange rate and the aluminum content of the bed sediment, resulted in an observable 
increase in the (abiotic) phosphorus uptake rate.  This provided a phosphorus store in the 
Sheldrake Rd. bed sediments which was available to the benthic community when the 
whole stream productivity increased in early 2003.   
 At Morehall Rd.—MDS, no development occurred within immediate proximity 
of the site and the change in land use upstream of the reach was also minimal.  With little 
change in land use, there was little change in the stream characteristics.  Though 
phosphorus uptake did increase at this site, the increase was due to the abiotic factors, 
primarily the increase in calcium and magnesium in the bed sediments.  This was likely 
due to the drought conditions.  In addition, the increase in respiration and productivity 
observed in April 2003 (Figure 67) was likely due to the general increase in flow 
throughout the watershed.   
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7: FUTURE WORK 
7.1 Solute Transport and Storage 
Future work should concentrate on the relationship between hydraulic 
conductivity, the f<50 in the stream bed, and hyporheic exchange.  It has been shown by 
Wörman et al. (2002) that hyporheic residence time, when scaled by hydraulic 
conductivity, is linearly related to the inverse of the Froude number squared.  It has also 
been shown by Packman and MacKay (2003) that: 1)  small additions of clay can cause a 
disproportionate reduction in hyporheic exchange and 2) there may be a threshold in the 
clay content of the bed sediment, below which impacts to hyporheic exchange are not 
observable. This threshold was observed at UMV and occurred when the f<50 of the fine 
bed sediments was between 14% and 25%.  The results of field experiments in Valley 
Creek also raise the question of a hysteretic relationship between the f<50 of the fine 
sediment and the hyporheic exchange rate.  The hyporheic exchange rate at UMV 
decreased by an order of magnitude when the f<50 of the fine sediment increased by a 
factor of four (from 6% to 25%).  As the f<50 of the fine sediment decreased from 25% to 
14%, the hyporheic exchange rate returned to near its pre-disturbance value.  Would an 
impact have been observed if experiments were conducted when the f<50 of the fine 
sediment increased from 6% to 14%?    This question should be investigated in detail. 
Since hydraulic conductivity is often estimated from grain size, increases in the 
f<50 that are too small to be readily detected by standard mass-based sieve analysis can 
have a significant impact on the hydraulic conductivity.  In addition, it is often 
problematic to measure hydraulic conductivity in situ.  In order to address this issue, 
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additional studies on the relationship between the f<50 and stream bed hydraulic 
conductivity should be undertaken.  
The OTIS model used to address transient storage in this study is relatively easy 
to apply, which makes it a popular model for solute transport in streams.  However, the 
model had several limitations that should be considered before it is used in any particular 
study.  First, the model assumes that As/A and α are temporally constant, even under 
variable flow conditions.  It has been shown by others (Elliott and Brooks, 1997; 
D'Angelo et al., 1993; Morrice et al., 1997) that both of these parameters vary with 
discharge and velocity.  In addition, the relationship between velocity and α is not linear 
and so the average α over a flow cycle would not be expected to be the same as the 
α obtained from the average velocity exchange rate, and so model sensitivity is limited 
under variable flow conditions.  A model that incorporates a temporally changing As/A 
and α would prove useful in many instances.  Second, the STARPAC optimization 
package (Donaldson and Tryon, 1990) included with the OTIS model often fails to 
converge.  This may be due to over-parameterization of the model and the need for 
temporally dense data. For example, convergence could not be achieved for the hourly 
samples taken during the 2001 Valley Creek main stem experiment.  A model and 
statistical optimization package that can provide convergence even when the samples are 
taken at as much as hourly time steps would be very helpful.  Scott et al. (2003) and 
Gooseff et al. (2003) have successfully utilized UCODE (Poeter and Hill, 1998) to 
optimize OTIS results.  UCODE may prove to be a more useful tool than STARPAC. 
However, more detailed investigation of the versatility of UCODE in comparison to 
STARPAC is needed.   
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Finally, it has been known for some time that it is very difficult to differentiate in-
stream mixing from true hyporheic storage (Bencala and Walters, 1983; Harvey et al., 
1996; Harvey and Wagner, 2000).  To date, this has been done primarily qualitatively by 
comparing the estimated storage parameters with those found in other studies.  Some 
researchers have collected pore water samples (Wörman et al., 2002; Johansson et al., 
2001) or have used riparian wells (Morrice et al., 1997; Triska et al., 1993a, b) to monitor 
subsurface exchange.  In these cases, the presence of hyporheic exchange flows can be 
proved, but the extent to which hyporheic storage controls total transient storage in the 
stream system is difficult to determine because of the spatially limited data.  Future 
studies should focus on differentiating surface storage from hyporheic storage as well as 
improved methods of obtaining subsurface samples so that many samples can be obtained 
at several locations.    
 
7.2 Sediment Characteristics 
 There is a great deal of discussion in the scientific community on the best method 
or methods to use to obtain a statistically valid sample of fine bed sediments (Lisle and 
Eads, 1991; Church et al., 1987; Diplas and Fripp, 1992; Fripp and Diplas, 1993).  The 
sediment collection method employed in this study was modified from a method 
proposed by Mulholland et al. (1985) for collecting particulate organic matter.  The 
method is described in detail in Section 4.1.2 and briefly reviewed here.  At each 
sampling location several volumetric grab samples were collected and composited.  For 
each grab sample, a defined area of stream bed was isolated using 25.4 cm PVC pipe 
placed inside a 30.5 cm PVC pipe.  The stream bed isolated by the 25.4 cm pipe was 
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agitated and the sediment laden water was pumped out of the stream, through a 25 µm 
filter bag and into a 30L bucket.  The sediment and water that passed through the filter 
bag and into the bucket was mixed well and a representative subsample was taken.  The 
sediment retained in the filter bag was set aside and the sediment that was too large to be 
pumped was scooped out of the inner pipe using a plastic scoop.    In this way, three size 
fractions were retained.  The grab samples of each size fraction were composited and 
subsampled.  Three composited subsamples (one from each size fraction) were returned 
to the laboratory for analysis.  This method proved useful for the purposes of this study 
and may be useful to other researchers.  The method was subjected to statistical analysis 
to the extent that the grab samples could be adequately composited and then sub-sampled. 
However, the method should be subjected to more rigorous analysis in the laboratory and 
at other field sites.  A statistical analysis of the ability to consistently sample bed 
sediments of known grain size distribution is needed. Additionally, sampling a wide 
sediment size distribution in an active stream channel is very problematic and will often 
require the use of multiple sampling methods.  Knowing the upper sediment size that can 
be representatively sampled using the method employed herein would prove helpful 
when deciding what combination of methods should be used to representatively sample 
the entire grain size distribution of the stream bed.     
From an implementation perspective, improvements to the methodology could 
include designing a gasket that can be placed around or on the bottom of the PVC 
pipe/stilling well in order to provide a watertight seal.  Alternatively, a suction pump inlet 
hose that could be placed directly on the stream bed would be useful.  This would negate 
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the need to carry the PVC pipe sections into the field and would still isolate a standard 
stream bed area. 
 
7.3 Phosphorus Uptake Dynamics and Community Metabolism 
 Through the laboratory phosphorus uptake experiments conducted as part of this 
study, abiotic uptake in the bed sediments was measured independently of the total 
uptake of the bed sediments.  This was possible in the laboratory because the sediments 
could be autoclaved, which stopped biological activity.  However, the in situ phosphorus 
uptake experiments measured only total whole-community uptake, which includes biotic 
and abiotic uptake in the stream ecosystem as a whole.  It can be important to distinguish 
in the field between abiotic uptake and biotic uptake as well as between benthic uptake 
and water column uptake.  As was seen at the UMV site, in situ phosphorus uptake and 
whole-community productivity both increased between April 2002 and April 2003.  
However, the biotic phosphorus uptake of the bed sediment decreased to near zero during 
this time, indicating that there was little benthic productivity.  While some researchers 
have utilized the radioisotope 31P (Mulholland et al., 1985) to examine phosphorus uptake 
in coarse and fine particulate organic matter, this is problematic in an urbanized 
watershed where there is great potential for the general public to be exposed to radiation.  
In addition, it is not possible to track the stable phosphorus isotope through the food web.  
All naturally occurring phosphorus is stable P32.  Since the concentration of phosphorus 
in an organism will not increase with uptake, the added phosphorus cannot be 
differentiated from the initial or background phosphorus.  A methodology or combination 
of methods is needed that would differentiate between both biotic phosphorus uptake and 
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abiotic phosphorus uptake as well as between benthic phosphorus uptake and water 
column phosphorus uptake in urban streams. 
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CHAPTER 8: CONCLUSIONS 
8.1 Land Use 
 Analysis of land use/land cover data for the Valley Creek watershed shows a 
highly urbanized system that continues to be developed.  However, this analysis also 
indicates that watershed scale changes in land use during this study were minimal (Figure 
7).  Overall changes in land cover during the course of this study could not be 
quantitatively determined for the watershed as a whole because aerial photographs were 
only available through 2000.  From 1995 to 2000, impervious cover increased from 
14.8% to 16.1% of the entire watershed.  This suggests that ongoing development in this 
already highly urbanized watershed may be slow enough that there may not be significant 
changes in transient storage within the main stem of Valley Creek in a 2 to 3 year period.      
Development did considerably alter land use at specific locales.  The impacts of 
two local land use changes were monitored.  The first was the conversion of the 0.9 km2 
Cedar Hollow Quarry property from industrial land use to a commercial office park, 
which significantly altered the hydrology of Valley Creek.  Through 2001, accumulated 
groundwater was pumped out of the quarry pit and into a tributary of Valley Creek on a 
cyclic basis, resulting in flow variation of up to 50% at low flow.  When converted to an 
office park, the pit was allowed to fill while pumping to the stream continued at a 
reduced, constant rate.  The second land use change examined was at the Sheldrake Rd. 
site, where approximately 10% of the drainage area was converted from wooded land to 
residential property over the period of the study.  The development was located near the 
watershed divide, within the drainage area of a first-order headwater stream.  The change 
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in land use increased impervious cover from 26.7% to 28.4% of the Sheldrake Rd. 
drainage area.    
 
8.2 Solute Transport and Storage 
  OTIS was successfully calibrated to represent downstream solute transport 
and storage in a highly urbanized stream system characterized by multiple anthropogenic 
impacts including, in 2001, a highly variable, cyclical flow rate driven by the periodic 
input of water from a large quarry and background bromide contamination in the main 
stem of the stream.  By the 2003 experiments, the input of water from the quarry had 
been changed to a steady state flow regime.  Hyporheic transient storage appeared to 
have a major effect on solute transport.  OTIS model output indicates that the size of the 
transient storage zone in the middle reach was much greater than in any other reach, most 
likely due to surface storage related to the presence of two dams and an active mill race.  
However, under high steady state flow (1.2 m3s-1 at the USGS gage), the transient storage 
area in the middle reach was significantly smaller than it had been under low cyclical 
flow (0.28 m3s-1 to 0.43 m3s-1 at the USGS gage).  This indicates that surface storage 
areas observed under low cyclical flow may have become inundated when stream flow 
increased.  For example, side pools and eddies that slowly exchanged water with the main 
stream channel under low flow conditions may have been inundated under high flow 
conditions.        
Scaling analysis based on advective pumping theory was used to examine the 
changes in transient storage observed between experiments.  The analysis method of 
Wörman et al. (2002) was modified for this study such that hydraulic conductivity was 
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estimated from the d10 of the fine sediment fraction of the stream bed.   While the method 
utilized will not work in every stream, it is appropriate for the Valley Creek system.  The 
advective pumping theory was developed based on sand bed streams with and without 
bedforms (Elliott, 1990; Elliott and Brook, 1997).  Packman et al. (2004) have also 
shown that the theory adequately explains hyporheic exchange in gravel beds, both with 
and without bedforms.   Valley Creek has a gravel/cobble stream bed.  However, 
urbanization has resulted in a significant amount of sand, silt and clay covering the 
streambed.  Therefore, the effective pore size of the streambed is expected to be much 
smaller than a typical unimpacted gravel/cobble stream.  In an unimpacted gravel/cobble 
stream, the effective pore size is equivalent to the space between individual gravel grains 
and cobbles.  In an urbanized system such as Valley Creek, most of the pore space has 
been filled with sand, silt and clay.  Therefore, the effective pore size in the Valley Creek 
system is equivalent to the space between the individual sand and silt grains, not the 
space between the gravel grains.  The change in the f<50 becomes a much more important 
parameter in this type of system.  In addition, while there are probably no areas of the 
Valley Creek stream bed with typical sand dune bedforms, the stream is a pool/riffle 
system.  The riffles will have an impact on transient storage similar to that of stationary 
sand dunes.   
The results of this scaling analysis suggest that hyporheic exchange was also 
important in this reach.  Transient storage was related to the inverse of the Froude 
number squared and to the hydraulic conductivity of the streambed.  The slope of this 
relationship reflects the influence of several channel characteristics that play important 
roles in hyporheic exchange.  The results show that these channel characteristics were 
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different in the upper reach and lower reach.  The upper reach is steeper and more 
sinuous than the lower reach, resulting in faster hyporheic exchange and smaller 
hyporheic storage area.  These findings are consistent with those of Kasahara and 
Wondzell (2003), who showed that sinuosity increased hyporheic exchange, and 
Wooldridge and Heckin (2002), who showed that increased bed slope was associated 
with a smaller mean bedform wavelength and shorter mean bedform height.     
  In the middle reach, there was an apparent change in the channel characteristics 
between the 2001 experiment and the 2003 experiments (Figure 42).  In 2001, under low 
flow, the middle reach appeared to have characteristics similar to those of the steeper, 
more sinuous upper reach.  Under the high flow conditions of 2003, the middle reach 
appeared to have channel characteristics similar to those of the less steep, less sinuous 
lower reach.  This change in apparent channel characteristics suggests that the influence 
of the two dams and active mill race on hyporheic exchange flows changed with stream 
flow.  As flow increased, the dams and mill race acted to reduce the apparent channel 
slope and apparent channel sinuosity.   
  The change in transient storage in the upper and lower reach between 2001 and 
2003 was due to the observed increase in average stream velocity.  The cyclic nature of 
the flow regime in 2001 did not have an observable effect on transient storage.  However, 
the short period of the flow cycle may have imposed temporal changes in transient 
storage that could not be detected by hourly sampling at three locations.  A further 
confounding factor is that the OTIS model requires a temporally constant exchange rate.  
Because of the nonlinear variation of exchange rate with stream velocity, the average 
α over a flow cycle would not be expected to be the same as the α obtained from the 
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average velocity.  This resulted in a model that had limited sensitivity to changes in 
exchange rate and hindered the development of firm conclusions.     
 The Morehall Rd. site was selected because of planned commercial developments, 
but these did not materialize during the course of this study.   Significant changes to the 
stream were still observed from a dramatic increase in the f<50 in the stream bed.  A 
significant relationship was observed between transient storage and the f<50 of the fine 
sediment in the stream bed.  As the f<50 increased from 6% to 25%, the transient storage 
exchange rate and transient storage cross sectional area both decreased.    As the f<50 
returned to its pre-disturbance value, the transient storage model parameters returned to 
their pre-disturbance values.  The transient storage residence time was linearly related to 
inverse of the Froude number squared, as expected from pumping theory.  The 
experiment conducted when the f<50 was 25% of the fine sediment exhibited a relatively 
high hyporheic residence time for the observed Froude number.  This is consistent with 
the observed reduction in exchange rate and transient storage cross section area, and is 
indicative of reduced hydraulic conductivity due to plugging of the stream bed by the f<50 
sediment.   The slope of this relationship returned to pre-disturbance values when the f<50 
of the fine sediment was still more than twice its pre-disturbance value (14.3% vs. 6.9%) 
suggesting there is a threshold of f<50 in the stream bed below which measurable impacts 
on hydraulic conductivity will not be observed.  The field results presented here 
confirmed the conclusions reached by Packman and MacKay (2003) in their flume study.  
The observed changes in transient storage could not have been explained without data on 
the change in the fine sediment grain size distribution.  This suggests the importance of 
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measuring sediment characteristics in conjunction with tracer injection experiments to 
better define the root causes of observed changes in transient storage.   
 At the Sheldrake Rd. site, a nine-home residential development was built during 
the study period on a lot encompassing approximately 11% of the entire drainage area.  
Despite this, very little change in the transient storage characteristics was observed over 
the time period of this study.  There was also little change in the streambed sediment 
characteristics.  The transient storage residence time was linearly related to inverse of the 
Froude number squared based on hydraulic conductivity estimated from the d10 of the 
fine sediment fraction (d<2mm) at Sheldrake Rd.  This suggests the importance of 
hyporheic exchange to overall solute transport at Sheldrake Rd. and shows the important 
role that fine sediments played in controlling hyporheic exchange.   
 
8.3 Phosphorus Uptake Dynamics and Community Metabolism 
The changes in the f<50 and phosphorus content of the fine bed sediment observed 
at the Morehall Rd.—UMV site had a significant impact on the phosphorus uptake 
dynamics and community metabolism at this site.  The observed increase in the f<50 of the 
fine sediment fraction (d < 2mm) was associated with a decrease in phosphorus uptake 
and community metabolism.  As discussed in Section 8.2, the f<50 plugged the stream 
bed.  This resulted in a reduced flux of oxygenated surface water to the bed sediments 
and benthic community.  The results of diurnal dissolved oxygen measurements showed a 
decline in community productivity from March 2002 through June 2002.  Productivity 
returned to the pre-disturbance value by October 2002.  Community respiration followed 
a similar pattern, though recovery did not begin until July 2002.   The biotic phosphorus 
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uptake rate measured in the laboratory decreased in April 2002 and remained low 
throughout the study, indicating that little biological activity was occurring in the bed 
sediment.  This suggests that the recovery observed in the community as a whole did not 
in fact extend to the benthic community. The whole-community productivity, measured 
in situ, also includes rooted macrophytes, epiphytes, and floating and drifting organisms.  
It appears that the benthic community was more severely impacted than the whole-stream 
ecosystem, and the benthic impacts lasted longer.  It may also be due to the fact that the 
whole-community productivity and respiration were measured over the entire 178 m 
length of this reach while the benthic impacts were determined using sediment collected 
from the upper 90 m of the reach. The topsoil stockpile (the presumed source of the f<50 
found in the stream bed) was located such that this sediment would have been carried into 
the stream near or above the upstream end of the reach.  As the excess fine sediment was 
brought into the reach, stream water flowing into the hyporheic zone would have carried 
the fine sediment into the stream bed where it would have been trapped.  This would 
probably result in the upper 90m of the reach being more impacted than the reach as a 
whole.  
  At Morehall Rd.—MDS, laboratory phosphorus uptake measurements showed 
significant temporal trends.  Abiotic uptake increased with the observed increases in the 
sedimentary calcium and magnesium concentrations at this location.  The cause of the 
increases in sedimentary calcium and magnesium is not known, though they may be 
related to stream flow.  During most of the study period, the watershed was under 
drought conditions which are expected to alter stream chemistry and cause a greater 
effect from groundwater inflow.   
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The reduction in biotic uptake may also be an expression of the cumulative 
impacts of drought conditions on the benthic community. This reduction in biotic 
phosphorus uptake in bed sediments was not reflected in community productivity or 
respiration.  This again suggests that impacts to the benthic community cannot be 
adequately assessed using solely whole-community techniques.   
 At Sheldrake Rd., changes in phosphorus uptake measured in the laboratory were 
significantly related to the f<50 of the fine sediment and the aluminum concentration of 
sediment.  The in situ phosphorus uptake rate was related to these parameters as well, but 
only when the transient storage exchange rate was also considered.   The in situ 
phosphorus uptake rate was also significantly correlated to the community metabolism 
calculated from diurnal dissolved oxygen measurements.  These data show that 
productivity and respiration declined over the period from August 2001 through October 
2002 with recovery beginning in November 2002, coincident with the end of the drought.   
The work of several researchers has been extended and expanded by this study of 
Valley Creek.  Mulholland et al. (1997) reported that streams with larger hyporheic 
storage zones have higher phosphorus uptake rates (s-1).   Hall et al. (2002) examined the 
mass transfer coefficient (ms-1) of phosphorus, which corrects for stream depth, in a 
stream with little biological phosphorus uptake and found no relationship between 
phosphorus uptake and hyporheic storage area in a stream.  Fellows et al. (2001) reported 
higher community respiration and hyporheic respiration rates (mg O2 m-2 d-1) in streams 
with larger hyporheic storage zones.    All of these researchers were studying forested 
mountain streams.  In comparison, Valley Creek is an urbanizing Piedmont stream.  Yet, 
Valley Creek had similar hyporheic storage characteristics (area, exchange rate and 
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retention time) and community metabolism values (gross primary productivity divided by 
community respiration).  However, Valley Creek had significantly lower phosphorus 
uptake rates (s-1), phosphorus mass transfer coefficients (ms-1), gross primary 
productivity rates (mg O2 m-2 d-1) and community respiration rates (mg O2 m-2 d-1).  Thus, 
when comparing across streams, there may not appear to be a relationship between 
phosphorus uptake and hyporheic storage.  However, this study found a strong 
relationship between phosphorus uptake rate (s-1) and the transient storage exchange rate 
(α, s-1) when comparing temporal changes within a given stream.  Thus one can predict a 
priori that impacts which result in a reduced storage exchange rate will cause a reduction 
in the phosphorus uptake rate, when other factors remain unchanged. 
 
8.4 Conceptual Model for the Effects of Watershed Modification Due to   
      Urbanization on Changes in Bed Sediment Characteristics   
 
The observations at Morehall Rd. – UMV are consistent with the following 
conceptual model.  The f<50 in the streambed increased above some threshold level and 
plugged the streambed, reducing the hyporheic exchange rate and in situ phosphorus 
uptake rate.  The reduced phosphorus uptake rate was due to two primary causes.  First, 
the sediment phosphorus content increased with the increase in f<50.  This resulted in the 
sediment releasing more phosphorus into the interstitial water and water column, 
satisfying the phosphorus demand of the benthic community, as evidenced by laboratory 
phosphorus uptake experiments.  Second, within a short time period, the absolute demand 
for phosphorus from the whole stream biological community decreased as evidenced by 
the reduced community productivity and respiration as well as the reduced biological 
phosphorus uptake measured in the laboratory.  This suggests that the biomass of the 
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stream decreased or the community composition changed.  While the whole stream 
biological community appeared to return to pre-disturbance productivity and respiration 
rates within a few months of the disturbance, the benthic community phosphorus uptake 
remained near zero through the end of the study, suggesting that the benthic community 
suffered more long term impacts than the stream system as a whole.    
At Morehall Rd.—MDS, the increases in f<50  of the stream bed were much less 
than what was observed at Morehall Rd. – UMV, and did not exceed the threshold 
required to cause streambed plugging.  The changes observed in the laboratory-measured 
phosphorus uptake rate are attributable to low stream flow due to the drought conditions 
extant during the period of this study.   
At Sheldrake Rd., the increases in f<50 of the fine sediment were again not large 
enough to cause stream bed plugging.  However, the combination of laboratory and in 
situ phosphorus uptake experiments at Sheldrake Rd. confirmed that the small observed 
increases in f<50, in combination with increases in the hyporheic exchange rate and the 
aluminum content of the bed sediment, resulted in observable increases in the (abiotic) 
phosphorus uptake rate, providing a greater phosphorus store in the Sheldrake Rd. bed 
sediments.  This phosphorus was available to the benthic community when productivity 
increased dramatically in early 2003, following the extended drought, during which the 
community productivity was observed to be low.     
 
8.5 Management Implications 
 Several of the questions and issues raised have important implications regarding 
the management of stream resources.  First and most important is time scale.  As was 
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seen at UMV, some impacts are essentially 'pulses' which have a lasting impact.  That is, 
a single, short term event such as the increase in fine sediment observed at UMV.  This 
event happened over a short time span yet the impacts were observable for several 
months.  In order to make proper management decisions, one must know the perturbation 
which caused the observed impacts.  If studies and sampling are conducted only once a 
year in one or two reaches of the stream, it is likely that: 1) many impacts may not be 
observed and 2) the perturbation(s) which caused the impacts that are observed may not 
be discernable.   
Other impacts have very long time frames and cannot be adequately examined in 
two or three years.  For example, the overall impact of development on the transient 
storage characteristics of the main stem of Valley Creek or the Sheldrake Rd. site. These 
sites have been subjected to perturbations caused by various aspects of urbanization for 
50 years or more.  The additional impact from the last two years of development would 
be expected to be small.  However, a long term study of this stream could be useful to 
managers working in watersheds that are just beginning the urbanization process.   Given 
the limited amount of resources, it is unlikely that managers in Valley Creek would 
conduct monitoring or other studies simply to help managers in less urbanized systems.  
Therefore it is important that these types of studies be undertaken by State and Federal 
agencies.   
In addition to the time scale of impacts, this study of Valley Creek reinforces the 
idea that "washload", contrary to traditional views, does indeed play an important role in 
stream bed ecology (Packman, 2001).  The results of the sediment sampling program 
conducted as part of this study confirm that sediment smaller than 50 µm in diameter is 
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easily trapped in the gravel/cobble bed of an urbanizing Piedmont stream.  The impact of 
this sediment must be considered when resource decisions are made.  Specifically, 
resource managers should consider the sediment size when reviewing storm water 
discharge permits and erosion control permits, as well as when inspecting these facilities 
for proper operation.    
Finally, resource managers must consider the totality of the ecosystem and plan 
sampling or monitoring programs around specific objectives.  More often, sampling 
programs are defined by narrow, discipline-specific data needs.  Yet, many conclusions 
of this study could not have been made without the cross-discipline inclusion of 
hydrologic, geomorphic and ecological data collected concurrently.   Certainly the 
changes in hyporheic storage and community metabolism observed at UMV could not 
have been explained in the absence of the fine sediment grain size distribution.  At 
Sheldrake Rd. the hyporheic characteristics could only be explained when the fine 
sediment grain size distribution and the chemical constituents of the sediment were 
included in the analysis.  The type of sampling regime utilized for this study should be 
more commonly employed.    
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